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Triggered-hghtning  experiments  were  conducted  in  1996,  1999,  and  2000  to  study 
the  responses  of  overhead  power  distribution  lines  to  lightning  at  the  International 
Center  for  Lightning  Research  and  Testing  (ICLRT)  at  Camp  Blanding,  Florida.  The 
lightning  was  artificially  initiated  (triggered)  from  natural  thunderclouds  using  the 
rocket- and- wire  technique,  and  its  current  was  directed  to  a  phase  conductor  at  mid- 
span  or  at  a  pole  near  the  center  of  the  line.  Experimental  results  and  associated 
EMTP  modeling  are  presented  in  this  dissertation  for  the  following  line  configurations: 

1)  a  two-conductor,  740-m  overhead  distribution  line  with  2  arrester  stations  in  1996; 

2)  a  four-conductor,  245-m  overhead  distribution  line  with  2  arrester  stations  in  1999; 
and  3)  a  four-conductor,  829-m  overhead  distribution  line  with  6  arrester  stations  in 
2000.  The  three-phase  hues  tested  in  1999  and  2000  were  standard  designs  of  a  major 
Florida  power  company.  Lightning  peak  currents  injected  into  the  lines  ranged  from 
7  to  57  kA.  Voltages  and  currents  were  measured  at  various  locations  along  the  line. 
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Video  and  photographic  cameras  were  used  to  image  lightning  channels  and  detect 
line  flashovers. 

The  significant  results  of  the  research  are  1)  flashovers  between  conductors  were 
observed,  both  accompanied  and  not  accompanied  by  arrester  failures,  2)  an  arrester 
failed  on  seven  of  eight  direct  hghtning  strikes  to  the  line  in  2000,  3)  arcing  between 
conductors  may  prevent  failures  of  arresters  connected  to  the  struck  phase,  3)  the 
bulk  of  the  lightning  current  flows  from  the  struck  phase  to  neutral  through  the 
arresters  closest  to  the  strike  point,  4)  the  withstand  energy  of  the  arresters  can  be 
exceeded  due  to  the  contribution  from  multiple  strokes  and/or  relatively  low-level, 
long-lasting  current  components,  6)  the  distribution  of  charge  transferred  to  ground 
among  multiple  neutral  grounds,  which  is  determined  by  low-frequency,  low-current 
grounding  resistances  is  different  from  the  distribution  of  peak  currents  to  ground, 
which  is  characterized  by  a  rapid  decrease  of  current  with  increasing  distance  from  the 
strike  point,  7)  EMTP  allows  one  to  model  the  observed  line  behavior  with  reasonable 
accuracy,  8)  overall,  the  standard  lightning  protection  of  the  distribution  lines  tested 
does  not  appear  to  be  adequate. 
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CHAPTER  1 
INTRODUCTION 


With  the  deregulation  of  the  power  industry,  the  abihty  to  provide  continuous, 
high  quahty  electric  power  service  has  become  increasingly  important  for  the  power 
utihties.  With  the  increasing  use  of  computers  and  sophisticated  electronics  in  res- 
idences and  industry,  utility  customers  have  become  much  less  tolerant  of  service 
interruptions  and  outages.  The  importance  of  lightning  research  to  the  power  indus- 
try becomes  clear  if  we  consider  statements  made  and  reports  written  on  this  subject. 
A  Joint  lEEE-EEI  Committee  studying  outages  on  EHV  lines  stated,  "lightning  is 
the  greatest  single  cause  of  outages  . . . ,  accounting  for  about  26  %  of  the  outages  on 
230  kV  circuits  and  about  65%  of  the  outages  on  345  kV"  (lEEE-EEI  [1967]).  This 
conclusion  was  reached  after  analyzing  data  obtained  over  a  14-year  period  from  42 
operating  companies  in  the  USA  and  Canada.  In  Japan,  lightning  is  also  a  prob- 
lem: "most  transmission  line  outages  in  Japan  are  caused  by  lightning"  (Motoyama 
et  al.  1998).  Over  50,000  fault  reports  on  distribution  lines  were  analyzed  in  the 
United  Kingdom  over  a  period  of  14  years  for  circuits  up  to  33  kV,  and  it  was  found 
that  47%  of  all  these  incidents  were  caused  by  lightning  (Connor  and  Parkins  1966). 
The  number  of  service  interruptions  due  to  lightning  strikes  is  a  significant  fraction 
of  the  total  number  of  interruptions  experienced  by  power  utilities  in  Florida,  despite 
utility  efforts  to  minimize  outages  due  to  lightning.  More  than  25  %  of  the  outages 
in  the  Florida  Power  &  Light  (FPL)  distribution  system  are  attributed  to  lightning. 

Lightning  presents  a  problem  for  distribution  lines  because  voltage  surges  from 
direct  and  nearby  lightning  can  exceed  the  lines'  basic  insulation  level  (BIL)  resulting 


in  a  flashover  that  is  often  sustained  by  the  60  Hz  follow  current,  potentially  leading  to 
long-duration  service  interruptions.  Additionally,  lightning  can  damage  distribution 
hne  equipment  such  as  transformers,  lightning  arresters,  and  insulators.  Over  the 
years,  Florida  Power  &  Light  (FPL)  has  used  several  different  distribution-line  de- 
signs. Although  the  lightning  susceptibility  of  these  distribution  lines  has  been  tested 
to  some  degree  both  in  laboratory  experiments  and  using  computer  models,  "the 
lightning  performance  characteristics  of  these  designs  have  not  been  determined  to  a 
high  level  of  confidence"  (L  Ares,  FPL,  Distribution  Rehability  Support  Services). 

There  are  a  few  places  in  the  world  where  researchers  are  able  to  initiate  (trigger) 
lightning,  with  the  International  Center  for  Lightning  Research  and  Testing  (ICLRT) 
at  Camp  Blanding,  Florida,  being  the  only  such  facility  that  is  continuously  operated 
for  studying  various  aspects  of  lightning  and  its  effects.  This  unique  outdoor  labora- 
tory enables  researchers  to  study  real  electric  system  responses  to  artificially  initiated 
lightning  from  natural  thunderstorms. 

In  the  summer  of  1996,  in  a  project  sponsored  by  the  Electrical  Power  Research 
Institute  (EPRI),  a  two-conductor  experimental  transmission  line  was  subjected  to 
triggered  lightning,  and  its  responses  (current  and  voltages)  were  measured. 

In  the  summer  of  1999,  a  study  sponsored  by  Florida  Power  and  Light  (FPL) 
began  at  the  ICLRT.  In  this  project,  two  FPL  standard  distribution-line  framing 
configurations  were  built  at  the  ICLRT,  and  experiments  were  performed  to  examine 
their  responses  to  direct  lightning  strikes.  One  framing  configuration  was  tested 
in  the  summer  of  1999,  and  two  more  in  the  summer  of  2000.  The  2000  framing 
configurations  were  longer- versions  of  two  framing  configurations  built  in  1999. 

The  objectives  of  testing  these  distribution  line  configurations  using  triggered 
lightning  are  as  follows: 

•  To  determine  the  relative  susceptibility  of  different  line  configurations  to  light- 
ning-caused flashovers  or  other  failures. 


•  To  study  the  mechanism  of  lightning  damage  to  distribution  lines  in  order  to 
improve  their  lightning  withstanding  capability. 

•  To  determine  the  distribution  of  currents  to  ground  through  the  multiple 
grounding  electrodes  from  the  neutral  to  earth  at  different  distances  from  the 
strike  point. 

•  To  determine  the  distribution  of  the  lightning  channel  current  through  lightning 
arresters  connected  between  phase  and  neutral  at  different  distances  from  the 
strike  point. 

•  To  develop  an  EMTP-based}  computer  model  that  can  reproduce  the  field  test 
results. 

•  To  develop  recommendations  to  improve  existing  framing  configuration  thereby 
minimizing  the  number  of  interruptions  in  the  electric  service  of  the  utility 
company. 

The  primary  experimental  data  for  this  dissertation  were  obtained  during  the 
summer  of  2000,  although  data  from  previous  experiments  in  1996  and  1999  (Mata 
et  al.  1998a,  Fernandez  et  al.  1998,  Mata  et  al.  1998b,  Mata  et  al.  1999a,  Mata 
et  al.  1999b,  Mata  et  al.  2000a,  Rakov  et  al.  2000,  Mata  et  al.  20001)  are  presented 
as  well. 

The  author  of  this  dissertation,  with  the  guidance  of  his  faculty  advisors,  was 
in  charge  of  the  design,  installation,  and  calibration  of  the  measuring  equipment  on 
the  distribution  lines  in  1999  and  2000.  The  author  also  wrote  a  series  of  computer- 
oscilloscope  interface  programs  for  data  acquisition  automation,  control,  plotting,  and 
analysis  of  the  acquired  data. 

^The  EMTP  is  a  computer  program  designed  to  solve  Electromagnetic  transients  in  lumped 
and/or  distributed  circuits  (Alternative  Transient  Program  (ATP)  Rule  Book  [1987-1998]). 


A  review  of  the  pertinent  literature  on  lightning  and  lightning  interaction  with 
power  systems  is  presented  in  Chapter  2.  In  Chapter  3  we  describe  the  experimental 
facility  and  experimental  setup  for  the  tests.  In  Chapter  4  we  discuss  conventional 
techniques  used  to  measure  voltage  across  arresters  and  the  design  of  a  novel  magnetic- 
flux- compensated  voltage  divider  used  to  reduce  the  influence  of  magnetic  coupling  to 
the  measuring  circuit.  Modeling  of  transients  using  EMTP  is  presented  in  Chapter  5, 
and  a  comparison  of  model-predicted  waveforms  and  acquired  data  is  presented  in 
Chapter  6. 


CHAPTER  2 
LITERATURE  REVIEW 


The  literature  reviewed  in  this  chapter  primarily  concerns  two  subjects:  (2.1)  light- 
ning and  (2.2)  lightning's  interaction  with  power  systems.  The  former  includes  a  brief 
review  of  the  processes  involved  in  both  natural  lightning  and  lightning  artificially- 
initiated  using  the  rocket-and-wire  technique.  The  latter  includes  a  review  of  previous 
experiments  concerned  with  lightning's  interaction  with  power  systems. 

2.1      Lightning 

2.1.1      Natural  lightning 

Lightning  is  a  natural  electrical  discharge  that  is  most  often  produced  by  cumu- 
lonimbus (thunderstorm)  clouds.  An  idealized  distribution  of  electrical  charge  in  such 
a  cloud  was  presented  first  by  Simpson  and  Scrase  [1937]  (illustrated  in  Figure  2.1) 
from  measurements  made  in  England  but  thought  to  be  generally  valid  worldwide. 
A  more  recent  distribution  of  electrical  charge  in  thunderstorm  clouds  was  presented 
by  Stolzenburg  et  al.  [1998]  (illustrated  in  Figure  2.2).  Basically,  the  charged  cloud 
can  be  viewed  as  a  vertical  electrical  dipole  whose  negative-charge  center  is  located 
near  an  altitude  where  the  ambient  air  temperature  is  about  —10°  to  -20°  C,  which 
is  about  7  km  or  so  for  summer  thunderstorms  in  Florida,  and  whose  positive-charge 
center  is  situated  above  the  negative  charge  region  in  the  upper  levels  of  the  cloud  and 
can  extend  up  to  12  km  to  15  km  in  altitude  in  Florida.  This  primary  charge  structure 


is  often  supplemented  by  a  second,  smaller  region  of  positive  charge  located  in  the 
lower  levels  of  the  cloud  beneath  the  negative  charge  center.  In  Florida,  the  visual 
base  (lower  boundary)  for  cumulonimbus  clouds  is  at  about  1-2  km  above  ground. 
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Figure  2.1:  General  distribution  of  charge  in  a  cumulonimbus  (thunderstorm) 
cloud  as  determined  in  England.  Arrows  indicate  air  current  flow.  Adapted 
from  Simpson  and  Scrase  [1937]. 


The  onset  of  lightning  activity  usually  occurs  about  20  min  after  precipitation  forms 
in  the  cumulonimbus  cloud  (Uman  1987).  Less  than  half  of  the  lightning  flashes  pro- 
duced during  the  active  part  of  a  thunderstorm  in  Florida  actually  strike  ground,  and 
this  fraction  is  even  less  during  the  flnal  stages  of  a  storm.  The  majority  of  lightning 
are  intra-cloud  discharges.  However,  it  is  the  minority,  cloud-to-ground  lightning, 
that  is  of  more  practical  concern. 

Downward  cloud-to-ground  lightning  is  initiated  by  an  extending  plasma  channel 
called  a  leader,  which  originates  from  a  charge  source  inside  the  cumulonimbus  cloud 
and  progresses  downward  toward  ground.  Upward  lightning  is  initiated  by  a  leader 
that  originates  from  a  high  metallic  structure  or  high  geographic  structure  such  as  a 


Figure  2.2:  Schematic  of  the  basic  charge  structure  in  the  convective  region 
of  a  thunderstorm  (adapted  from  Stolzenburg  et  al.  1998). 


mountain  top  on  earth  and  extends  upwards. 

There  are  four  categories  of  cloud-to-ground  hghtning,  illustrated  in  Figure  2.3, 
depending  on  the  polarity  of  charge  transferred  to  ground  and  direction  of  propagation 
of  the  initial  leader:  ©  downward  negative  lightning,  ®  upward  negative  hghtning,  (D 
downward  positive  lightning,  and  ®  upward  positive  lightning.  Types  ®  and  (2)  result 
in  the  lowering  of  negative  charge  to  Earth;  types  ®  and  ®  result  in  the  lowering  of 
positive  charge  to  Earth. 

Category  ®  is  the  most  common  form,  accounting  for  over  90%  of  all  cloud- 
to-ground  lightning  worldwide.  Category  (D  is  characteristic  of  tall  structures  and 
moderate-height  structures  on  mountain  tops.  These  two  types  of  lightning  discharges 
serve  to  neutralize  a  fraction  of  the  negative  charge  in  the  cloud.  The  result  is  often 
phrased  "as  effectively  lowering  negative  charge  to  ground"  (Uman  1987). 


Ground  Plane 
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Ground  Plane 

Figure  2.3:  The  four  categories  of  cloud-to-ground  lightning  depending  on  leader  prop- 
agation direction  and  polarity  of  charge  transferred  to  ground.  Adapted  from  Berger 
and  Vogelsanger  [1966]. 


2.1.1.1     Downward  negative  lightning 

The  initial  leader  in  downward  negative  lightning  progresses  in  a  stepped  manner 
and  therefore  is  called  stepped  leader.  The  steps  are  discrete  advancements  in  the 
length  of  the  leader,  that  have  been  observed  with  high-speed  photographic  cameras. 
Steps  have  been  reported  to  be  from  as  short  as  3  m  in  length  to  as  long  as  200  m,  and 
the  time  interval  between  steps  can  range  from  5  to  50  fis.  It  is  generally  observed  that 
the  longer  intervals  correspond  to  longer  steps,  with  the  longer  steps  (for  a  downward- 
moving  leader)  usually  occurring  at  higher  altitudes  and  shorter  steps  occurring  at 
lower  altitudes.  Electric  and  magnetic  field  pulses  corresponding  to  individual  steps 
have  been  observed,  prior  to  the  return-stroke  field  pulse.  As  the  stepped  leader 
advances,  branches  usually  develop,  and  this  can  sometimes  bias  the  interstep  interval 
measurements  measured  from  field  pulse  rates.  The  average  propagation  speed  of  the 


stepped  leader  is  about  2xl0^ms"\  and  the  total  leader  duration  is  typically  about 
35  ms  (Uman  1987;  Rakov  et  al.  1994). 

The  stepped-leader  stage  of  the  downward  negative  hghtning  discharge  ends  when 
the  leader  attaches  to  earth  (or  some  grounded  object).  Lightning  attachment  to 
a  grounded  object  involves  an  upward  connecting  discharge,  developing  from  the 
grounded  object  or  from  ground  in  response  to  the  descending  stepped  leader.  The 
upward  connecting  discharges  are  usually  on  the  order  of  tens  of  meters  in  length 
and  are  oppositely  charged  with  respect  to  the  descending  leader.  After  the  junction 
between  the  stepped  leader  and  the  upward  connecting  discharge,  a  return  stroke 
ensues  which  effectively  neutralizes  the  negative  charges  in  the  leader  channel  via  a 
current  wave  propagating  from  earth  toward  the  cloud  at  about  10^  ms'^  (Uman  1987). 
Both  leader  and  return  stroke  participate  in  lowering  negative  charge  from  cloud  to 
ground. 

After  the  cessation  of  the  first  return  stroke  current,  subsequent  leaders  may  be 
initiated  in  the  cloud.  Typically,  there  are  3  to  5  leader/return-stroke  sequences 
in  a  lightning  flash,  and  the  geometric  mean  inter-stroke  interval  is  60  ms  (Rakov 
et  al.  1994).  Subsequent  downward  leaders  usually  do  not  exhibit  stepping  hke  the 
first  leader  since  they  tend  to  follow  the  previously  formed  channel  (such  leaders  are 
referred  to  as  dart  leaders),  although  this  is  not  always  the  case  as  is  evident  from  the 
existence  of  dart-stepped  leaders  and  new  ground  strike  points  created  by  subsequent 
leaders  (Rakov  et  al.  1994).  The  propagation  speed  of  dart  leaders  is  faster  than 
stepped  leaders,  about  10'^  ms"^  (Uman  1987).  Upward  connecting  discharges,  emitted 
from  grounded  objects  in  response  to  descending  dart  leaders  are  relatively  short,  of 
meter  length,  and  their  duration  is  of  the  order  of  some  hundreds  of  nanoseconds 
(Wang  et  al.  1999). 

Return  strokes  produce  the  spectacular  luminosity  and  the  loud  thunder  associ- 
ated with  lightning  (see  the  streak  camera  picture  in  Figure  2.4).    From  the  tower 
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Figure  2.4:  Streak-camera  photograph  of  a  12-return  stroke  flash.  Increasing  time 
goes  from  left  to  right.  New  Mexico  Institute  of  Mining  and  Technology  photograph. 
Adapted  from  Uman  [1987]. 


measurements  of  Berger  et  al.  [1975]  the  median  peak  current  of  the  first  return  stroke 
in  natural  Ughtning  is  about  30  kA,  with  less  than  1  %  of  all  first  return  stroke  cur- 
rents exceeding  200  kA.  The  median  rise-time  of  the  current  pulse,  measured  from 
2kA  to  peak,  is  5.5 /xs;  and  the  median  width  of  the  pulse,  measured  from  2kA  to 
half-peak  value,  is  75 /xs  .  The  median  peak  current  for  subsequent  return  strokes  in 
natural  lightning  is  about  12  kA.  The  rise-time  of  the  current  pulse  for  subsequent 
strokes,  measured  from  2kA  to  peak,  is  1.1 //s  although  this  value  is  near  the  time 
resolution  (RiO.2  /xs)  of  the  measurement  of  Berger  et  al.  [1975];  and  the  median  width 
of  the  pulse,  measured  from  2  kA  to  half-peak  value,  is  32  /xs.  Tower  studies  other 
than  those  of  Berger  et  al.  [1975]  and  triggered  lightning  studies  (Fisher  et  al.  1993; 
Leteinturier  et  al.  1991)  have  shown  subsequent  strokes  rise  time  of  a  few  hundred  of 
nanoseconds  and  maximum  di/dt  oi  4x  10^^  As"^ 

Approximately  30  to  50  %  of  all  flashes  contain  a  so-called  long  continuing  current 
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(Rakov  and  Uman  1990) .  Long  continuing  current  is  defined  as  current  of  duration 
longer  than  40  ms  with  magnitude  of  tens  to  hundreds  of  amperes  that  can  flow  in 
the  Hghtning  channel  (for  up  to  hundreds  of  milliseconds)  after  the  return-stroke 
current  peak.  Current  pulses,  called  M  component  pulses,  may  be  superimposed 
on  the  continuing  current  (Thottappillil  et  al.  1995).  M  components  current  pulses 
differ  from  return  stroke  pulses  in  their  wave-shape  characteristics.  According  to 
ThottappiUil  et  al.  [1995],  the  geometric  mean  current  peak- value  for  M  components 
is  117  A;  the  geometric  mean  10—90%  rise-time  is  422 //s;  the  geometric  mean  half- 
peak  width  is  816 //s;  the  geometric  mean  time  interval  between  M  components  is 
4.9  ms;  and,  most  significantly,  the  preceding  continuing  current  has  a  geometric 
mean  value  of  177  A  (return  strokes  occur  only  after  no-current  intervals).^ 

2.1.1.2     Upward  negative  lightning 

The  initial  leader  in  upward  negative  lightning  is  positively  charged  and  extends 
from  ground  toward  the  cloud.  Unlike  the  case  of  a  downward  negative  lightning, 
there  is  no  return  stroke  when  the  leader  enters  a  negative  charge  source  within 
the  cumulonimbus  cloud  (at  a  height  of  7km  or  so  in  Florida).  Instead,  an  initial 
continuous  current  (ICC)  flows  between  the  cloud  and  the  earth  for  some  tens  to  some 
hundreds  of  milliseconds.  The  initial  upward  leader  and  ICC  constitute  the  initial 
stage  of  an  upward  lightning  flash.  After  a  no-current  interval  following  the  ICC, 
downward-moving  negative  dart  leaders  may  (although  not  necessarily)  start  inside 
the  cloud  and  traverse  the  same  path  as  the  ICC,  resulting  in  an  upward  return  stroke 
upon  attachment  to  earth.  The  dart  leaders  and  return  strokes  in  this  type  of  flash  are 
similar  to  subsequent  strokes  in  downward  negative  lightning  described  in  previous 
subsection.  Nearly  all  lightning  strikes  to  very  tall  structures  (hundreds  of  meters  in 

^The  10-90%  rise-time  is  defined  as  the  time  on  the  wave  front  between  10%  of  the  peak  value 
and  90  %  of  the  peak  value,  and  the  half-peak  width  is  the  time  between  50  %  of  the  peak  value  on 
the  wave  front  and  50  %  of  the  peak  value  on  the  wave  tail. 
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height)  are  initiated  by  upward  positive  leaders  (Eriksson  1978). 

2.1.2     Artificially-Initiated  Lightning 

Lightning  can  be  artificially  initiated  (see  Figure  2.5)  from  a  cumulonimbus  cloud 
by  using  a  small  rocket  equipped  with  a  spool  of  metallic  wire  (e.g.,  Uman  et  al.  1997; 
Rakov  et  al.  1998).  The  presence  of  sufficient  charge  inside  the  cloud  is  inferred  from 
the  vertical  electric  field  measured  at  ground.  In  experiments  at  the  ICLRT,  when 
the  field  is  in  the  range  of  5  kVm'^  to  9  kVm"^  at  ground,  a  rocket  is  launched  toward 
the  cloud.  The  rocket  ascends  with  a  speed  of  about  200  ms"^  and  is  trailed  by  the 
unspooling  wire. 


Figure  2.5:  A  photograph  of  lightning  triggered  at  the  ICLRT  on  Summer  of  1999. 


In  the  case  of  the  common  "classical"  technique  for  initiating  (triggering)  light- 
ning, illustrated  in  Figure  2.6,  the  triggering  wire  is  a  continuous  conductor,  typically 
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Figure  2.6:  Sequence  of  events  involved  in  the  formation  of  the  first  return 
stroke  in  classical  (grounded-wire)  triggered  lightning.  Adapted  from  Rakov 
et  al.  [1998]. 


a  copper  filament  reinforced  for  strength  by  a  kevlar  sheath,  that  is  about  500  m  to 
700m  long  and  electrically  connected  to  the  grounded  rocket-launching  unit.  As  the 
rocket  ascends  to  a  height  of  about  150  m  to  300  m,  electric  field  enhancement  at  the 
tip  of  the  rocket  often  results  in  a  positive  upward-moving  leader  (the  polarity  stated 
is  for  the  typical  conditions  when  the  negative-charge  center  is  at  the  bottom  of  the 
cloud).  The  upward  positive  leader  is  followed  by  an  initial  continuous  current  (ICC), 
when  the  leader  reaches  a  negative  charge  source  in  the  cloud.  The  triggering  wire 
is  destroyed  during  the  upward-leader  stage.  The  upward  positive  leader  and  ICC 
constitute  the  initial  stage  of  a  classical  triggered  lightning.   After  a  no-current  in- 
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terval  following  the  ICC,  negative  downward- moving  dart  leaders  may  develop  in  the 
cloud.  The  dart-leader/return-stroke  sequences  usually  follow  the  previously  formed 
channel  and  are  statistically  similar  (Fisher  et  al.  1993)  to  subsequent  strokes  in  nat- 
ural hghtning.  Dart  leaders,  though,  do  not  always  occur,  in  which  case  the  flashes 
are  composed  of  the  initial  stage  only  and  are  commonly  referred  to  as  "wireburns" 
or  "wireburn-only  discharges".  The  designation  is  misleading,  since  wireburns  can 
transfer  many  coulombs  of  charge  and  is  equivalent  to  upward  lightning  from  tall 
structures  (Section  2.1.1.2),  causing  damage  to  power  systems. 

The  processes  involved  in  classical  triggered  lightning  are  similar  to  those  de- 
scribed for  natural  upward  negative  lightning  discharges  initiated  from  tall  structures, 
the  only  difference  being  that,  in  the  triggered  lightning  case,  the  "tall  structure"  is 
erected  in  a  few  seconds  and  quickly  replaced  by  a  plasma  channel.  Note  that  the 
initial  downward  stepped-leader  and  first  return  stroke  are  not  present  in  classical 
triggered  lightning,  the  natural  first  return  stroke  being  on  average  larger  than  sub- 
sequent return  strokes. 

A  triggering  technique  developed  to  yield  a  downward-moving  stepped  leader  is 
the  altitude  or  ungrounded-wire  triggering  technique  (e.g.,  Uman  et  al.  1997;  Rakov 
et  al.  1998)  as  illustrated  in  Figure  2.7.  In  this  case,  the  wire  is  not  a  continuous, 
grounded  conductor,  but  rather  is  separated  near  ground  by  an  insulating  section.  A 
commonly-used  design  has  some  hundreds  of  meters  of  copper  wire  (triggering  wire) 
attached  to  the  rocket  followed  by  400  m  of  insulation  with  an  additional  50-m  copper 
section  (intercepting  wire)  attached  to  the  rocket-launching  unit.  A  positive  upward 
leader  is  elicited  from  the  upper  end  of  the  triggering  wire  at  some  altitude,  and 
some  time  later  a  downward  negative  stepped  leader  is  initiated  from  the  lower-end 
of  the  elevated  triggering  wire.  The  strike  point  of  the  downward  stepped  leader 
is  very  unpredictable  and  does  not  always  attach  to  the  lowermost  50-m  section  of 
copper  wire.  Upon  attachment  of  the  downward  leader  to  ground,  an  upward  return 
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Figure  2.7:  Sequence  of  events  involved  in  the  formation  of  the  first  re- 
turn stroke  in  altitude  (ungrounded-wire)  triggered  lightning,  (adapted  from 
Rakovet  al.  [1998]). 


stroke  ensues.  The  return  stroke  is  relatively  short-lived  because,  at  a  propagation 
speed  100-1000  times  faster  than  the  upward  leader,  it  soon  catches  up  to  the  leader, 
reaching  the  end  of  the  channel.  Another  feature  of  the  first  return  stroke  resulting 
from  this  technique  is  that  the  lowermost  section  of  copper  wire  may  be  still  intact 
when  the  return  stroke  wave  is  initiated.  If  so,  the  wire  explodes  and  the  return  stroke 
current,  measured  at  the  rocket-launching  unit,  is  interrupted  for  some  microseconds 
before  recovering  and  rising  to  peak  (Rakov  et  al.  1998).  The  first  return  stroke 
in  altitude  triggered  lightning  can,  therefore,  exhibit  a  peculiar  double-pulse  and 
serves  to  establish  a  low  impedance  path  between  the  upward  leader  tip  and  ground. 
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The  processes  that  follow  are  similar  to  those  previously  described  for  the  classical 
technique.  No  data  from  altitude  triggered  lightning  are  presented  in  this  dissertation. 

2.2     Lightning's  Interaction  with  Power  Systems 

Lightning  is  a  major  cause  of  power  distribution  system  failures  in  regions  of  ap- 
preciable thunderstorm  activity.  Several  research  efforts  have  been  undertaken  in  the 
past  to  determine  the  responses  of  distribution  systems  to  direct  and  nearby  lightning 
strikes.  Although  many  researchers  have  calculated  the  responses  of  transmission  and 
distribution  systems,  only  a  few  have  compared  model  predictions  with  responses  of 
such  systems  to  real  lightning. 

2.2.1     Experimental  Data 

In  1978,  a  project  was  funded  by  the  U.S.  Department  of  Energy  (DoE)  to  study 
the  responses  to  lightning  of  power  distribution  systems  in  the  Tampa  Bay  area  of 
Florida  (Schneider  and  Stillwell  1979;  Master  et  al.  1984,  1986).  A  research  group 
from  General  Electric  recorded  waveforms  of  arrester  discharge  currents  for  two  nat- 
ural lightning  strikes  to  a  7.62-kV,  single-phase,  overhead  distribution  line  at  un- 
known distances  (although  probably  very  close)  from  the  arresters  (Schneider  and 
Stillwell  1979).  One  event  was  a  single-stroke  flash  that  lowered  negative  charge  to 
ground.  The  arrester  discharge  current  had  a  peak  amplitude  of  15  kA,  a  rise-time 
of  about  2  ^s,  and  decayed  to  half  of  the  peak  value  in  about  36  /is.  The  other  event 
was  a  three-stroke  flash  that  lowered  positive  charge  to  ground.  The  peak  amphtudes 
of  the  arrester  discharge  current  were  42  kA,  32  kA,  and  40  kA  for  the  three  strokes, 
respectively,  with  rise-times  of  5.6 /xs  for  the  first  event  and  about  1  /is  for  the  second 
and  third  events.  The  time  to  half  value  of  each  event  was  about  60 //s,  9/is,  and 
5//S,  respectively  (Schneider  and  Stillwell  1979).  In  a  separate  part  of  the  DoE  study. 
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a  research  group  from  the  University  of  Florida  measured  voltages  on  an  unener- 
gized,  460-m  overhead  distribution  line,  simulating  a  standard  7.62-kV,  single-phase 
line,  with  both  ends  open-circuited  (Master  et  al.  1984,  1986).  The  majority  of  the 
hghtning  activity  during  the  experiment  was  between  4  km  and  12  km  away  (Master 
et  al.  1984). 


Shielding  Wire 


Figure  2.8:  Okushishiku  test  transmission  hne  tower.  Adapted  from  Matsumoto  et  al. 
[1996]. 


In  South  Africa,  an  11-kV,  three-phase,  overhead  distribution  line  (with  no  shield 
wire)  was  constructed  as  part  of  a  joint  project  between  the  Electricity  Supply  Com- 
mission (Johannesburg,  South  Africa)  and  the  National  Electrical  Engineering  Re- 
search Institute  (Pretoria,  South  Africa),  to  study  the  interaction  between  lightning 
and  overhead  lines  (Eriksson  et  al.  1982).  The  line  was  9.9  km  long,  with  the  western 
end  of  the  Une  grounded  to  a  buried  counterpoise  and  the  eastern  end  open-circuited. 
Arrester  discharge  currents  from  each  phase  were  measured  at  the  east  end  of  the 
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line.  Voltages  on  each  phase  conductor  were  measured  near  the  midpoint  of  the  line, 
as  well  as  on  one  phase  at  the  east  end.  The  measured  arrester  discharge  currents 
were  from  natural  lightning  striking  ground  near  the  line.  The  largest  arrester  cur- 
rent recorded  had  a  peak  value  of  about  1  kA.  Voltage  waveforms  were  obtained  at 
the  midpoint  of  the  line  for  a  larger  data  set  than  the  current  waveforms,  including 
281  cases  in  which  the  peak  value  exceeded  12  kV.  The  majority  of  the  voltages  were 
unipolar  with  a  positive  polarity  and  were  due  to  nearby  lightning,  lowering  negative 
charge  to  ground.  A  total  of  12  of  the  281  events  were  from  direct  strikes  to  the  line. 
The  maximum  voltage  recorded  during  two  years  of  the  project  was  300  kV  (Eriksson 
et  al.  1982). 

In  Japan,  the  shielding  wire  of  a  double-circuit,  275-kV,  "Okushishiku"  test  trans- 
mission line,  was  subject  to  rocket-triggered  and  natural  Ughtning,  from  1987  to  1996 
(Matsumoto  et  al.  1996,  Motoyama  et  al.  1998,  Kobayashi  et  al.  1998).  The  test 
transmission  hne  was  2.15  km  long,  having  a  total  of  seven  transmission  towers,  dou- 
ble insulator  strings  with  arcing  horn  gaps,  three  gapless  154-kV  MOV  arresters,  a 
single  shielding  wire,  and  500  fi  termination  resistors.  Arresters  were  connected  on 
each  phase  of  one  of  the  circuits  of  the  transmission  line,  at  the  suspension  steel 
tower  being  struck  from  1987  to  1993,  and  they  were  removed  in  1994.  At  one  end  of 
the  transmission  hne  500  Q  termination  resistors  (182  m  from  the  strike  point)  were 
connected.  At  the  other  end,  the  phase  conductors  were  connected  directly  to  the 
metallic  crossarms,  which  was  grounded.  From  1993  to  1996,  the  tower  was  struck 
10  times,  eight  with  triggered  lightning,  and  two  with  natural  lightning  (Motoyama 
et  al.  1998).  The  lightning  channel  peak  current  measured  for  the  two  natural  strikes 
were  132  kA  and  159  kA,  in  1993  and  1994,  respectively.  Lightning  channel  currents, 
shielding  wire  currents,  tower  bottom  currents,  arrester  currents,  and  insulator  strings 
voltages  were  measured  simultaneously.  The  maximum  recorded  peak  voltage  across 
the  insulator  strings  that  were  not  protected  by  MOV  arresters  in  1993  was  935  kV, 
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and  the  maximum  arrester  peak  current  and  voltage  measured  were  3kA  and  293  kV, 
respectively  (Matsumoto  et  al.  1996).  In  1994,  a  back  flashover  in  the  hne  was  ob- 
served, and  a  maximum  peak  of  approximately  2.5  MV  was  measured  across  a  string 
insulator,  where  back  flashover  took  place  (Motoyama  et  al.  1998).  Although  the  au- 
thors claimed  that  "The  increase  of  the  voltages  just  before  the  flashover  . . .  might  he 
due  to  the  malfunction  of  the  measuring  device  " ,  referring  to  the  spike  seen  with  the 
resistive  voltage  divider  used,  this  spike  might  have  been  the  effect  of  magnetic  cou- 
pling to  the  measuring  loop,  as  observed  in  measuring  the  voltage  across  an  arrester 
in  our  experiments  (Mata  et  al.  2000a). 

In  1985  and  1986,  the  University  of  Florida  was  funded  by  the  U.S.  Department  of 
Energy,  under  contract  with  Martin  Marietta  Energy  Systems,  to  set  up  an  unener- 
gized,  448-m  long,  overhead  distribution  line  on  a  triggered-lightning  research  facility 
at  the  NASA  Kennedy  Space  Center  in  Florida  (Georgiadis  et  al.  1992;  Rubinstein 
et  al.  1994).  The  line  consisted  of  three  conductors,  only  one  of  which  was  terminated 
at  both  ends  with  the  line's  characteristic  impedance  of  about  600  Q.  Voltages  were 
measured  at  either  end  of  the  matched  conductor.  Georgiadis  et  al.  [1992]  describes 
the  voltages  induced  on  the  Hne  from  distant  natural  lightning.  Additionally,  light- 
ning was  artificially  initiated,  using  the  rocket-and-wire  technique,  and  the  lightning 
current  was  directed  to  ground  20  m  from  the  eastern  end  of  the  line.  Voltages  in- 
duced on  the  line  were  obtained  for  three  lightning  flashes,  containing  eleven  strokes, 
lowering  negative  charge  to  ground,  as  described  by  Rubinstein  et  al.  [1994].  The 
voltage  waveforms  were  grouped  into  two  categories,  oscillatory  and  impulsive,  both 
with  almost  an  equal  number  of  occurrences.  For  both  cases,  the  waveforms  were 
initially  bipolar,  with  the  positive  crest  being  about  40  %  of  the  amplitude  of  the  neg- 
ative crest  following  it.  The  oscillatory  waveforms  averaged  negative  crests  of  47 kV 
(standard  deviation  of  9  kV)  at  the  east  end  of  the  hne  and  72  kV  (standard  deviation 
of  20  kV)  at  the  west  end  followed  by  damped  oscillations  at  both  ends  with  average 
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periods  of  3.3 //s  (standard  deviation  of  0.3 /is).  These  periods  are  consistent  with  re- 
flections on  the  Hne  for  a  wave  with  a  propagation  speed  shghtly  less  than  the  speed 
of  light.  The  impulsive  waveforms  averaged  negative  crests  of  354  kV  (standard  devi- 
ation of  44  kV)  at  the  east  end  of  the  line  and  870  kV  (standard  deviation  of  102  kV) 
at  the  west  end.  The  impulsive  waveforms  corresponded  to  lightning  return  strokes 
that  produced  larger  vertical  electric  field  changes  than  the  strokes  associated  with 
the  oscillatory  waveforms.  Modeling  of  the  data  has  been  presented  by  Rubinstein 
et  al.  [1994]  and  Rachidi  et  al.  [1997]. 

Prom  1993  to  1997,  a  series  of  studies  were  conducted  by  the  University  of  Florida 
at  the  International  Center  for  Lightning  Research  and  Testing  (ICLRT)  at  Camp 
Blanding,  Florida  funded  by  the  Electric  Power  Research  Institute  (EPRI).  Over  these 
five  years,  the  responses  of  a  single  phase  unenergized  test  power  distribution  system 
to  direct  and  nearby  lightning  (artificially  initiated  and  natural)  strikes  were  studied 
(Fernandez  1997;  Fernandez  et  al.  1997a  1997b,  1998;  Mata  et  al.  1998a).  During  the 
1995-1996  experiments,  the  first  simultaneously  measured  arrester  discharge  current 
and  voltage  waveforms  during  very  close,  direct  lightning  strikes  to  an  unenergized 
power  distribution  system  were  obtained  (Fernandez  et  al.  1997b).  Two  EPRI  final 
reports  summarizing  experiments  from  1993-1997  including  a  discussion  of  damage  to 
underground  cables,  tests  on  a  residential  service  entrance,  and  tests  on  an  overhead 
distribution  line  are  presented  by  Fernandez  et  al.  [1998]  and  Mata  et  al.  [1998a]. 

2.2.2     Modeling 

Matsumoto  et  al.  [1996]  presented  an  EMTP  model  of  a  natural  lightning  strike 
to  a  rod  installed  on  the  top  of  a  steel  tower  of  the  Okushishiku  test  transmission 
line.  It  is  not  clear  how  good  the  EMTP  model  presented  was,  since  even  though  the 
authors  claimed  that  their  model  ^^ could  simulate  actual  waveforms  and  peak  values 
of  lightning  surges  accurately  ",  Motoyama  et  al.  [1998]  stated:    "H^e  found  some 
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mistakes  in  the  calculation  of  surge  response  on  the  previous  paper  " . 

Motoyama  et  al.  [1998]  presented  an  EMTP  model  that  intended  to  reproduce  the 
responses  of  the  Okushishiku  test  transmission  line  to  a  natural  lightning  strike  during 
which  back  flashovers  at  four  phases  were  observed.  The  authors  presented  2  cases 
for  which  certain  parameters  were  optimized  to  fit  better  the  measured  waveforms. 
Although  the  authors  claimed  that:  "case  2  gave  the  best  fit  for  peak  values  and  the 
breakdown  time  of  the  observed  and  calculated  voltages  and  currents  ",  up  to  60% 
discrepancy  is  observed  in  current  peaks,  and  up  to  135  %  discrepancy  is  observed  in 
voltage  peaks  for  what  they  call  the  best  model.  Despite  of  the  large  currents  injected 
into  ground  for  the  two  events  presented  by  Matsumoto  et  al.  [1996]  and  Motoyama 
et  al.  [1998],  grounding  impedances  were  assumed  to  be  linear  and  pure  resistive  in 
their  models,  an  assumption  not  likely  to  be  valid. 
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CHAPTER  3 
EXPERIMENTAL  FACILITIES 


The  International  Center  for  Lightning  Research  and  Testing  (ICLRT)  is  an  out- 
door facihty,  occupying  about  100  acres  of  land  at  the  Camp  Blanding,  Florida  Army 
National  Guard  Base,  located  approximately  midway  between  Gainesville  and  Jack- 
sonville, Florida,  and  is  used  for  triggering  lightning  artificially  from  natural  overhead 
thunderclouds  using  the  rocket-and-wire  technique  (e.g.,  Uman  et  al.  1997;  Rakov 
et  al.  1998).  In  1996,  the  ICLRT  consisted  of  rocket-launching  units,  an  unener- 
gized  test  power  distribution  system,  an  office  trailer,  launch  trailers,  and  several 
storage  trailers.  The  test  power  distribution  system  was  comprised  of  a  single  phase 
overhead  distribution  line  and  an  underground  distribution  system,  including  three 
underground  cables,  four  padmount  transformers  (each  located  in  one  of  four  instru- 
ment stations),  a  street  light,  and  a  simulated  house  service  entrance.  During  the 
1996  experiments  at  ICLRT,  lightning  arresters  were  installed  on  the  overhead  line 
(for  some  of  the  tests),  across  the  transformer  primaries,  and  at  the  service  entrance 
(a  detailed  description  of  the  ICLRT  and  the  1996,  and  1997  experiments,  is  found 
in  Fernandez  et  al.  1998  and  Mata  et  al.  1998a).  An  overview  of  ICLRT  in  1996  is 
shown  (in  more  detail)  in  Figure  3.1.  In  1999,  two  different  distribution  hne  sections 
(see  Section  3.2)  were  built  by  FPL  to  test  their  lightning  withstand  capability.  An 
overview  of  ICLRT  in  1999  is  shown  in  Figure  3.2.  In  2000,  the  previously  built 
test  power  distribution  lines  were  extended  in  length  as  shown  in  Figure  3.3  (see 
Section  3.2). 
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3.1     Rocket  Launcher 

The  Tower  Launcher  (see  Figure  3.3)  is  employed  to  initiate  (trigger)  lightning 
to  the  test  line  using  the  classical  rocket-and-wire  technique  (see  Section  2.L2).  The 
rocket  launcher  is  mounted  atop  an  1 1-m  tower  located  20  m  north  of  the  overhead 
line,  near  its  midpoint.  "  ..^,. 

In  1996,  experiments  involving  the  tower  launcher  were  conducted  by  M.  I.  Fer- 
nandez, C.  T.  Mata,  K.  J.  Rambo,  and  M.  V.  Stapleton.  The  triggered-lightning 
current  was  measured  at  the  launcher  with  a  T&M  Research  Products,  Inc.  shunt, 
model  R-7000-10,  and  three  current  transformers  (Section  3.3.1.1,  page  36).  Multiple 
sensors  were  used  to  increase  the  dynamic  range  of  the  measurements  and  for  redun- 
dancy. The  current  was  directed  from  the  UF  Launcher  via  a  metallic  lead  to  the 
■   overhead  line  between  Poles  9  and  10  (Fernandez  et  al.  1997a;  Mata  et  al.  1998a). 

In  1999,  experiments  involving  the  tower  launcher  were  conducted  by  C.  T.  Mata, 
K.  J.  Rambo  and  M.  V.  Stapleton.  The  triggered-hghtning  current  was  measured 
at  the  launcher  with  a  T&M  Research  Products,  Inc.  shunt,  model  R-7000-10  (Sec- 
tion 3.3.1.2).  The  current  was  directed  from  the  Tower  Launcher  via  a  metallic  lead 
to  desired  points  on  the  distribution  line  under  test. 

In  2000,  experiments  involving  the  tower  launcher  were  conducted  by  C.  T.  Mata, 
K.  J.  Rambo,  M.  V.  Stapleton,  and  A.  G.  Mata.  The  triggered-hghtning  current  was 
measured  at  the  launcher  with  a  T&M  Research  Products,  Inc.  shunt,  model  R-5600- 
8  (See  Section  3.3.1.3).  Multiple  fiber  optic  transmitters  were  used  to  increase  the 
. '  dynamic  range  of  the  measurements  and  for  redundancy.  The  current  was  directed 
from  the  Tower  Launcher  via  a  metallic  lead  to  desired  points  on  the  distribution 
lines  under  test. 

The  Tower  Launcher  is  operated  from  the  Launch  Control  trailer  remotely  via  fiber 
optic  links  and  pneumatic  hoses.  The  fiber  optics  and  pneumatics  are  used  to  select 
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the  rocket  to  be  launched  and  to  actuate  ignition  of  the  rocket's  motor,  respectively. 

3.2     Distribution  Lines 

Distribution  lines,  summer  1996  In  1996,  the  test  line  was  approximately  740- 
m  long  and  terminated  at  both  ends  in  an  impedance  of  500  fi  (see  Figure  3.1).  The 
distance  between  the  fifteen  poles  varied  from  47  to  73  m.  Both  the  phase  and  the 
neutral  were  "Azuza",  seven-strand  conductors.  They  were  mounted  on  insulators 
having  a  critical  flashover  voltage  (CFO)  of  500  kV  and  separated  by  1.8  m.  MOV 
arresters  were  installed  at  poles  1,  9,  10,  and  15  (Section  3.2.2).  Grounding  of  the  line's 
neutral  at  these  four  poles  was  accomplished  by  means  of  24.4-m  cooper  vertically- 
driven  rods  (Section  3.2.1). 

Distribution  lines,  summer  1999  and  2000  Two  distribution  line  sections  were 
built  by  FPL  in  summer  1999.  These  transmission  line  sections  were  built  according 
to  FPL's  standards  (FPL  1996): 

•  Typical  crossarm  with  2T  conductor.^  This  line  consisted  of  six  wooden  poles, 
two  arrester  stations  with  Ohio  Brass  PDV-100  MOV  (Section  3.2.2)  installed  at 
the  second  pole  from  each  end,  and  different  termination  impedances  that  were 
used  in  different  stages  of  the  experiment  (see  C.l  for  a  detailed  description) 
connected  between  phase  conductors  and  neutral  at  each  termination  pole  to 
match  the  characteristic  impedance  of  the  line  and  simulate  to  some  extent  a 
real-life  electric  power  system.  The  line  had  a  length  of  245  m  approximately. 
This  was  the  only  line  tested  in  1999.  See  the  conductor's  layout  in  Figure  A.l, 
page  151,  and  the  overah  line  in  Figure  A. 2,  page  152.  Phase  conductors  were 


^The  "Typical  crossarm  with  2T  conductor"  line  is  referred  here  as  the  horizontal  configuration 
distribution  line  and  the  "Typical  modified  vertical  with  568  conductor"  line  is  referred  here  as  the 
vertical  configuration  distribution  line. 
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AWG  #2,  seven-strand  conductors  with  an  equivalent  diameter  of  0.7417  cm 
(0.292  in),  and  a  dc-20°  resistance  of  0.9954 fi/km  (1.602  f^/mi).  The  neutral 
conductor  was  AWG  1/0,  seven-strand  conductor  with  an  equivalent  diameter 
of  0.9347cm  (0.368  in),  and  adc-20°  resistance  of  0.6263  H/km  (1.008  H/mi). 

•  Typical  modified  vertical  with  568  conductor.  This  line  consists  of  seven  wooden 
poles,  two  arrester  stations  with  Ohio  Brass  PDV-100  MOV  (Section  3.2.2) 
installed  at  the  second  pole  from  each  end.  It  runs  parallel  to  an  5  m  south 
of  the  horizontal  configuration  distribution  hue  (see  Figures  3.2).  The  hue 
had  a  length  of  365  m  approximately.  Phase  conductors  were  568,  (which 
are  concentric-lay-stranded  aluminum  conductors,  aluminum-alloy  reinforced) 
587.2  MOM,  nineteen-strand  conductors  (15/4)  with  an  equivalent  diameter  of 
2.2327cm  (0.879 in),  and  a  dc-20°  resistance  of  0.0994 Q/km  (0.1599 f]/mi). 
The  conductor  consists  of  four  wires  type  6201-TBl  and  fifteen  wires  type  1350- 
H19  (see  Figure  3.4)  with  the  diameter  of  each  wire  being  0.4465  cm  (0.1758  in). 
The  neutral  conductor  was  AWG  3/0,  seven-strand  conductor  with  an  equiva- 

6201-T81 


1350-H19 


Figure  3.4:  Layout  of  the  568  concentric-lay-stranded  aluminum  con- 
ductor, aluminum- alloy  reinforced. 


lent  diameter  of  1.17856cm  (0.464  in),  and  a  dc-20°  resistance  of  0.3380  Q/km 
(0.5441  Q/mi). 
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The  transmission  line  sections  during  2000  differ  from  the  transmission  line  sec- 
tions of  summer  1999,  on  the  length,  termination  resistors  (Section  C.2),  number  of 
arrester  stations,  and  types  of  arresters  (Section  3.2.2).  The  differences  between  the 
1999  distribution  lines,  and  their  2000  extended  versions  can  be  seen  in  Figure  A. 3, 
page  153.  The  length  of  the  extended  horizontal  configuration  distribution  line  was 
approximately  856  m,  while  the  length  of  the  extended  vertical  configuration  distri- 
bution hne  was  approximately  812  m. 

3.2.1      Grounding 

In  1996,  the  neutral  was  grounded,  by  means  of  vertical  ground  rods,  at  poles  1, 
9,  10,  and  15  (see  Figure  3.1). 

In  1999,  the  neutral  of  the  horizontal  configuration  distribution  line  was  grounded, 
by  means  of  vertical  ground  rods,  at  poles  7,  8,  11,  and  12.  The  neutral  of  vertical 
configuration  distribution  line  was  grounded  similarly  at  poles  100,  101,  105,  and  106 
(see  Figure  3.2). 

In  2000,  the  neutral  of  the  horizontal  configuration  distribution  line  was  grounded, 
by  means  of  vertical  ground  rods,  at  poles  2,  5,  14,  17,  and  18,  and  similarly,  the  neu- 
tral of  the  vertical  configuration  distribution  line  was  grounded  at  poles  1,  2,  6,  10,  14 
and  15  (see  Figure  3.3).  Ground  resistances  of  the  grounding  rods  were  measured  by 
FPL  (in  1999)  using  a  clamp-on  meter  and  by  UF  (in  1996,  1999  and  2000)  using  the 
fall-of-potential  method.  The  fall-of-potential  technique  is  illustrated  in  Figure  3.5. 
Although  long-term  variation  of  grounding  resistance  should  be  small,  short-term 
variation  could  be  significant  due  to  sporadic  rainfall  in  Florida,  particularly  during 
the  summer  months  (Fernandez  et  al.  1998).  A  current  source  is  connected  between 
the  rod  under  test  and  a  remote  ground  rod,  which  are  both  disconnected  from  the 
test  system  and  separated  by  distance  D.  A  third  rod  is  used  as  a  voltage  probe. 
The  potential  difference  between  the  probe  and  the  rod  under  test  is  measured  at 
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■<2>- 


■<Z> 


Voltage  Probe 


Remote  Rod 


U. 


Rod  Under  Test         Ground  Surface 


Equipotential  Surfaces 


Distance 

Figure  3.5:  Illustration  of  the  fall-of-potential  method  for  measuring  apparent  ground 
resistance. 


different  separation  distances,  x.  When  the  probe  is  moved  away  from  the  rod  under 
test  toward  the  remote  ground  rod,  the  voltage  between  the  probe  and  the  rod  under 
test  at  some  distances  becomes  relatively  insensitive  to  further  increase  in  distance. 
The  ground  resistance  is  then  found  as  the  ratio  of  the  relatively  constant  voltage 
to  the  current  supplied  by  the  current  source  (IEEE  1983).  The  values  of  grounding 
resistance  measured  by  UF  and  FPL  are  given  in  Table  3.1. 
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3.2.2     Arresters 


1996  Experiments:  the  MOV  distribution  arresters  that  were  used  in  1996  were 
manufactured  by  ABB.  These  are  the  ABB  Type  MVK  with  rated  voltage  of  10  kV. 
The  manufacturer  specified  V-I  characteristic,  in  response  to  an  8/20 /is  wave,  is  given 
in  Table  3.2. 
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Table   3.2:  V-I    characteristic   of   the 
ABB  type  MVK  10-kV  MOV  arrester.   ^ 


Discharge 
Voltage 

[kV] 

Discharge 

Current 

kA 

29.7 

1 

31.6 

2.5 

32.5 

5 

36.4 

10 

39.7 

20 

10  15  20  25 

Current  [kA] 

Figure  3.6:  V-I  characteristic  of  the  ABB 
type  MVK  10-kV  MOV  arresters. 


1999  Experiments:  the  MOV  distribution  arresters  that  were  used  during  the 
1999  experiments,  were  manufactured  by  Ohio  Brass.  The  Ohio  Brass  arresters  are 
the  PDV-100  with  rated  voltage  of  18  kV.  The  PDV-100  is  a  polymer-housed  ar- 
rester that  was  introduced  in  1986  as  the  first  U.S.  non-ceramic  arrester  for  heavy 
duty  applications.  It  complies  with  ANSI  standards  for  heavy  duty  arresters.  The 
manufacturer  specified  V-I  characteristic,  in  response  to  an  8/20 /xs  wave,  is  given  in 
Table  3.3.  Other  data  provided  by  the  manufacturer  and  useful  for  modeling  purposes 
are:  0.5  //s,  10  kA  maximum  IR  of  68  kV;  and  500  A  switching  surge  maximum  IR  of 
45  kV. 

Arresters  were  installed  at  the  second  pole  from  each  end,  and  replaced  after  each 
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storm  day  when  the  line  was  struck  by  lightning.  They  were  labeled  and  sent  to  FPL 
for  laboratory  testing. 


Table  3.3:  V-I  characteristic  of  the 
Ohio  Brass  PDV  100  18-kV  MOV  ar- 
rester. 


Discharge 
Voltage 

[kV] 

Discharge 
Current 

[kA] 

49 

1.5 

52 

3 

55 

5 

60 

10 

70 

20 

82 

40 

50 


10  20  30  40 

Current  [kA] 

Figure  3.7:  V-I  characteristic  of  the  Ohio 
Brass  PDV  100  18-kV  MOV  arresters. 


2000  Experiments:  In  the  2000  experiments,  arresters  manufactured  by  Ohio 
Brass  (the  same  as  used  in  the  1999  experiments)  and  Cooper  Power  Systems  were 
used.  The  Cooper  Power  Systems  arresters  are  the  UltraSIL  Housed  VariSTAR  Heavy 
Duty  with  a  rated  voltage  of  18  kV.  The  UltraSIL  series  has  a  silicone  rubber  housing 
with  an  optional  insulated  mounting  bracket,  made  of  glass  filled  polyester,  designed 
to  provide  needed  mechanical  strength  for  installation  and  severe  loading  conditions. 
The  manufacturer  specified  V-I  characteristic,  in  response  to  an  8/20 /xs  wave,  is 
given  in  Table  3.4.  Other  data  provided  by  the  manufacturer  and  useful  for  modeling 
purposes  is:  0.5  ^s,  10  kA  maximum  IR  of  64.9  kV. 

Arresters  were  installed  at  Poles  2,  5,  8,  11,  14,  and  17  of  the  horizontal  config- 
uration distribution  line  and  at  Poles  2,  6,  10,  and  14  on  the  vertical  configuration 
distribution  line  (see  Figure  3.3).  Ohio  Brass  arresters  were  only  installed  at  Poles 
8  and  11  of  the  horizontal  configuration  distribution  line  and  Poles  6  and  10  of  the 
vertical  configuration  distribution  line.    Phase  C  arresters  at  Poles  8  and  11  of  the 
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horizontal  configuration  distribution  line  were  replaced  after  each  storm-day  when 
the  line  was  struck  by  lightning.  They  were  labeled  and  stored  at  the  ICLRT. 


Table  3.4:  V-I  characteristic  of  the 
Cooper  Power  Systems  UltraSIL 
Housed  VariSTAR  Heavy  Duty  18  kV 
arrester. 


100 


Discharge 
Voltage 

[kV] 

Discharge 
Current 

[kA] 

48.5 

1.5 

51.6 

3 

53.9 

5 

58.8 

10 

65.0 

20 

73.2 

40 
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bO 


10 


40 


50 


20  30 

Current  [kA] 

Figure  3.8:  V-I  characteristic  of  the  Cooper 
Power  Systems  UltraSIL  Housed  VariS- 
TAR Heavy  Duty  18  kV  arrester. 


3.3     Instrumentation 

Different  hue  configurations,  tested  during  the  1996,  1999,  and  2000  experiments, 
are  described  in  Section  3.2.  The  four  different  configurations  of  the  1999  experiments 
are  shown  in  Figures  C.l,  C.2,  C.3,  and  C.4  (see  Mata  et  al.  1999b,  for  more  details). 
The  three  different  configurations  of  the  2000  experiments,  are  shown  in  Figures  C.6, 
C.7,  and  C.8.  Instrumentation  settings  are  also  shown  in  Appendix  C.  Different 
sensors  were  used  throughout  the  experiments,  and  they  are  described  in  this  section. 


The  installation  of  instrumentation  on  the  transmission  lines  was  crucial  for  the 
success  of  the  experiments.  Since  very  high  voltage  were  expected  to  develop  on 
the  transmission  lines,  the  instrumentation  had  to  be  carefully  installed  so  that  the 
BIL  of  the  line  was  not  affected  by  the  installation  of  sensors,  boxes,  or  coaxial 
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Pole  Extension 


To  Launch  Control.^'  '   ' 


Figure  3.9:  Diagram  of  connections  at  Pole  5  of  the  horizontal  configuration  distribu- 
tion line,  summer  2000. 


cables.  If  there  were  going  to  occur  any  flashovers  on  the  line,  we  did  not  want  the 
instrumentation  to  be  involved  with  them.  This  was  achieved  by  carefully  installing 
sensors,  boxes,  and  coaxial  cables,  maintaining  always  the  distance  between  different 
instrumentation  equipment  connected  to  different  phases  greater  than  the  distance 
between  phases.  Also,  no  equipment  was  installed  between  the  phases  and  the  neutral 
conductors  at  poles  without  arresters.  Pearson  coils  measuring  phase  currents  were 
physically  connected  to  those  phases,  avoiding  any  floating  points  in  the  system.  As 
an  example,  the  diagram  of  installation  of  instrumentation  at  pole  5  can  be  seen  in 
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Figure  3.9.  The  diagrams  for  all  other  poles  are  shown  from  Pages  154  to  161. 
3.3,1     Sensors 

3.3.1.1      1996  sensors 

Current  Transformers  (CTs):  CTs,  also  called  Pearson  coils,  used  during  the 
1996  experiments  were  manufactured  by  Pearson  Electronics,  Inc.  (PEI).  Three  dif- 
ferent models  were  used  to  measure  the  lightning  channel  current:^  1330,  3025,  and 
3419  (see  Table  3.5  for  a  summary  of  the  parameters  of  these  coils). 

Current  viewing  resistors  (CVRs):  CVRs  used  during  the  1996  experiments 
were  low-inductance  shunts  manufactured  by  the  University  of  Florida  (UF),  by  Power 
Technologies,  Inc.  (PTI),  and  by  T&M  Research  Products,  Inc.  UF  shunts  and  PTI 
Standard  shunts  were  used  to  measure  currents  at  multiple  locations  throughout  the 
test  power  distribution  system  and  a  T&M  Research  Products,  Inc.  model  R-7000-10 
was  used  to  measure  the  lightning  channel  current  (see  Table  3.6). 

Voltage  dividers:  Voltage  dividers  used  during  the  1995  and  1996  experiments 
were  400-kV  resistive  dividers  manufactured  by  Lightning  Technologies,  Inc.  Table  3.7 
contains  a  summary  of  the  average  parameters  for  each  voltage  divider.  The  400-kV 
dividers  were  used  in  1996  to  measure  voltage  on  the  overhead  line  at  Poles  1,  9, 
and  15.  In  this  year,  it  was  experimentally  determined  by  Mr.  K.  J.  Rambo  and 
Mr.  M.  V.  Stapleton  of  the  Department  of  Electrical  and  Computer  Engineering  at 
UF  that  the  actual  division  ratios  for  the  400-kV  dividers  differed  significantly  from 
the  manufacturer's  division  ratio  given  in  Table  3.7.  Two  experimental  procedures 
were  conducted,  each  procedure  repeated  several  times  in  order  to  arrive  at  some 

^Multiple  sensors  were  used  to  increase  the  dynamic  range  of  the  measurements  and  for  redun- 
dancy. 
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average  experimental  value.  The  experimentally  found  divider  ratio  was  about  1200:1 
(see  Fernandez  et  al.  1997a;  Mata  et  al.  1998a). 

3.3.1.2     1999  sensors 

Current  transformers  (CTs):  CTs  used  during  the  1999  experiments  were  man- 
ufactured by  Pearson  Electronics,  Inc.  The  CTs  used  in  these  experiments  were  llOA 
and  3525  (clamp  on)  models,  whose  parameters  are  summarized  in  Table  3.5. 

Current  viewing  resistors  (CVRs):  CVRs  (or  shunts)  used  during  the  1999 
experiments  were  low-inductance  shunts  manufactured  by  T&M  Research  Products, 
Inc.  model  R- 7000-10  (see  Table  3.6  for  a  summary  of  the  parameters  of  these  CVRs). 
These  shunts  were  used  to  meaisured  current  to  ground  and  the  lightning  channel 
current. 

Voltage  Dividers:  Voltage  dividers  used  during  the  1999  experiments  were  75-kV 
magnetic-flux-compensated  voltage  dividers  (see  section  4.2),  and  300-kV  and  1.41- 
MV  capacitive-compensated  resistive  dividers  (see  section  B.1.2),  all  designed  and 
built  by  the  University  of  Florida  (see  Table  3.7  for  a  summary  of  the  parameters 
of  the  voltage  dividers).  The  components  used  to  built  these  dividers  were  47 kf^, 
80  J  (single  impulse),  3W,  20%  rated  Ohmite  resistors  connected  in  parallel  to  30  kV 
DC,  500 pF,  20%  rated  Cera-mite  capacitors.  The  75-kV  magnetic-flux-compensated 
voltage  dividers  were  used  to  measure  voltage  across  arresters  (as  explained  in  sec- 
tion B.1.2).  The  300-kV  capacitive-compensated  resistive  divider  was  used  to  measure 
phase-to-phase  voltage  at  the  arrester  pole,  and  the  1.41-MV  capacitive-compensated 
resistive  dividers  were  used  to  measure  the  phase-to-phase  and  phase-to-neutral  volt- 
ages at  pole  9,  25  m  from  the  strike  point,  although  voltage  measurements  at  pole 
9  were  not  successfully  recorded  (Mata  et  al.  1999b).  On  December  8,  1999,  the 
voltage  dividers  were  taken  to  the  high  voltage  laboratory  of  FPL  (located  in  West 
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Palm  Beach)  and  calibrated  using  a  Hipotronic  voltage  divider  owned  by  the  FPL 
high  voltage  laboratory  as  a  reference.  In  spring  of  2000,  after  further  testings  on 
the  magnetic-flux  compensated  voltage  dividers,  it  was  found  that  the  resistors  used 
on  the  high  voltage  arm  of  the  device  were  dynamically  changing  their  ohmic  value 
at  high  voltages.  This  resulted  in  distorted  waveforms  that  did  not  reproduced  the 
actual  voltage  across  the  arresters.  ■  •- 

See  Appendix  C,  Section  C.l,  for  the  configuration  tables  that  indicate  where  1999 
sensors  were  used. 

3.3.1.3      2000  sensors 

Current  Transformers  (CTs):  CTs  used  during  the  2000  experiments  were  man- 
ufactured by  Pearson  Electronics,  Inc.  Three  different  models  were  used  in  these 
experiments:  UOA,  3525,  and  a  clamp-on  version  of  the  3025  Pearson  coil. 

Current  viewing  resistors  (CVRs):  CVRs  (or  shunts)  used  during  the  2000 
experiments  were  low-inductance  shunts  manufactured  by  T&M  Research  Products, 
Inc.  models  R- 7000- 10  and  R-5600-8  (see  Table  3.6  for  a  summary  of  the  parameters 
of  these  CVRs).  A  total  of  nine  shunts  were  used  in  these  experiments,  and  they  were 
labeled  as  MS  #n  (where  n  =  1, . . . ,  9).  Shunts  1  through  4  are  model  R- 7000-10,  and 
shunts  5  through  9  are  model  R-5600-8  These  shunts  were  used  to  measured  currents 
to  ground  and  the  lightning  channel  current  .  ■      " . 

Voltage  Dividers:  new  175-kV  magnetic-flux-compensated  and  350-kV  capacitive- 
compensated  voltage  dividers  (see  Section  4.2  and  B.1.2)  were  built,  using  higher 
voltage-rated  resistors  (IMfi,  35  kV,  9W,  10%  rated  Ohmite  resistors  connected  in 
parallel  to  two  15  V  DC,  100 pF,  20%  rated  Cera-mite  capacitors).  The  design  was 
the  same  as  the  ones  used  in  the  1999  experiments  (see  Table  3.7  for  a  summary  of 
the  parameters  of  the  voltage  dividers) . 
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See  Appendix  C,  Section  C.2,  for  the  configuration  tables  that  indicate  where  the 
2000  sensors  were  used. 

Table  3.5  contains  a  summary  of  the  CT  parameters  which  are  listed  by  model 
number.  The  Peak  Current  values  are  based  on  the  maximum  voltage  output  of  each 
sensor.  The  I-t  Product  is  the  total  charge  that  can  be  transferred  without  saturating 
the  core  of  the  current  transformer.  Exceeding  the  I-t  product  may  cause  a  distortion 
of  the  output  signal.  The  Usable  Rise  Time  refers  to  the  minimum  10  to  90  %  rise- 
time  of  the  input  signal  that  will  not  cause  overshoot  or  ringing  in  the  output  signal. 
The  frequency  response  values  are  based  on  the  -3dB  points.  Each  of  the  CTs  has 
a  50-f2  output  impedance;  thus,  a  50-fl  termination  will  reduce  the  sensor  output 
by  a  factor  of  two,  as  shown  in  Figure  3.10.  Table  3.6  contains  a  summary  of  the 
parameters  of  CVRs'^. 

.  Table  3.5:  Parameters  for  the  Pearson  Electronics,  Inc.  current  transformers. 


Current 
Transformer 

Output 

[V/A] 

Peak 
Current  [kA] 

I-t  Product 

[C] 

Usable 
Rise  Time  [ns] 

Frequency 
Response 

llOA 

0.1 

10 

0.5 

20 

1  Hz  -  20  MHz 

1330 

0.005 

100 

65.0 

0.25 

0.9  Hz  -  1.5  MHz 

3025 

0.025 

20 

3.0 

100 

7  Hz  -  4  MHz 

3025C'' 

0.025 

20 

3.0 

100 

7  Hz  -  5  MHz 

3525" 

0.1 

10 

0.5 

25 

5  Hz  -  15  MHz 

3419 

0.002 

250 

30.0 

250 

1.7  Hz  -  1.5  MHz 

"  These  are  custom  built  devices;  the  regular  3525  CT  has  a  maximum  peak  current  of  5  kA. 
"  These  are  a  clamp-on  version  of  the  3025  model,  with  an  wider  bandwidth. 


^A  50  Q.  resistor  is  connected  to  the  output  of  the  device  to  avoid  a  very  low  impedance  (about 
lm.fl)  at  the  ISOBE  transmitter  input  (see  Figure  3.11). 

^HV  and  LV  stzind  for  High  Voltage  and  Low  Voltage,  respectively. 


50-Q  Cable 


-e 


50  Q 


'out  O'lT 


Pearson  Coil  (CT) 
Figure  3.10:  Connection  diagram  of  the  Pearson  Electronics,  Inc.  Coils. 


Table  3.6:  Parameters  for  the  T&M  Research  Products,  Inc.  CVRs  (shunts). 
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Model 

V/A 

Energy 
Rating  [J] 

Power 

Rating  [W] 

Usable  Rise 

Time  [ns] 

Output 
Imp.  [fl] 

Freq. 
Resp. 

R-5600-8 

0.00125 

5200 

- 

13 

0.00125 

0  -  12  MHz 

R- 7000- 10 

0.001 

7000 

225 

45 

0.001 

0  -  9  MHz 

50  Q 


50-Q  Cable 


50  Q 


V  i  =  -V- 

'out         2    '" 


Shunt 


Figure  3.11:  Connection  diagram  of  the  shunts. 


■■*■•  -'       t;- 
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Table  3.7:  Parameters  of  the  voltage  dividers  (VD)  used  in  the  1996,  1999,  and  2000 
experiments.^ 


VD 
Rating 

HV  Resistor 

HV  Capacitor 

[PF] 

LV  Resistor 

[n] 

LV  Capacitor 

[nF] 

Nominal 
VD  Ratio 

75  kV" 

5x47 

100/5 

50'' 

94 

3.2816  X  10"^ 

175  kV" 

5  X  1000 

100/10 

50'' 

1000 

1.9011  X  10-^ 

300  kV 

10x47 

500/10 

50'' 

470 

1.0637  X  lO"'' 

350  kV 

10  X  1000 

100/20 

50'' 

1000 

1.0  X  10"** 

400  kV 

1  X  5 

- 

5 

- 

1.0  X  10-3 

1.41  MV 

47x47 

500  /  47 

50'' 

470 

2.2634  X  10-^ 

"  ParEiineters  for  this  divider  correspond  to  each  of  the  four  sections  of  the  device  (see  Figure  4.4). 
The  50-Cl  resistor  corresponds  to  the  characteristic  impedance  of  a  coaxial  cable  terminated  into 

50  n. 


3.3.2  Voltage  Attenuators 

Voltage  attenuators  are  used,  when  needed,  to  lower  the  gain  of  the  measuring 
system.  The  attenuators  have  voltage  ratios  of  \/2:l,  2:1,  5:1,  10:1.  All  attenuators 
have  50  Q  input  and  output  impedances. 

3.3.3  Data  Recording  Equipment 


In  1996,  Nicolet  Pro  90  Digitizing  Oscilloscopes  (Section  3.3.3.2)  and  Macrodyne 
Lightning  Transient  Recorders  (LTR,  Section  3.3.3.1)  were  used  to  record  voltage  and 
current  waveforms,  respectively. 

In  1999,  three  different  digitizing  oscilloscopes  were  used:  Nicolet  Pro  90  (Sec- 
tion 3.3.3.2),  Nicolet  Multipro  (Section  3.3.3.3),  and  LeCroy  9354  (Section  3.3.3.4). 
Also,  a  Honeywell  101  tape  recorder/reproducer  (Section  3.3.3.8)  was  used  to  record 
important  measurements  in  parallel  with  the  digitizing  scopes. 

In  2000,  seven  LeCroy  Waverunners  LT344L  (Section  3.3.3.5),  one  LeCroy  9354 
(Section  3.3.3.4),  one  LeCroy  LC574AL  (Section  3.3.3.6),  and  one  LeCroy  9384AL 


(Section  3.3.3.7)  digitizing  scopes  were  used.  Also,  a  Honeywell  101  tape  recorder/re- 
.  producer  was  used  to  record  important  measurements  in  parallel  with  the  digitizing 
scopes.  The  interconnection  of  sensors,  ISOBE  3000,  filters,  and  oscilloscopes  is  shown 
in  Figure  3.12. 

3.3.3.1  Macrodyne  lightning  transient  recorders  (LTR) 

LTRs  have  7-bit  amplitude  resolution  (128  quantization  levels)  and  5  MHz  sam- 

f_,  pling  rate.  The  LTR  stores  the  digitized  input  signal  into  memory  only  if  the  input 

'  signal  changes  by  more  than  two  quantization  levels.    This  effectively  reduces  the 

amplitude  resolution  by  a  factor  of  two,  down  to  6  bits  (64  quantization  levels). 

;     Furthermore,  the  LTR's  effective  sampling  rate  (the  sampling  rate  at  which  data  are 

.-;  actually  stored  into  memory)  is  variable,  depending  on  the  rate  of  change  of  the  input 

:  signal.  Portions  of  the  signal  with  higher  rates  of  change  will  have  a  higher  effective 

sampling  rate,  up  to  5  MHz,  while  portions  of  the  signal  with  lower  rates  of  change 

will  be  stored  in  memory  at  a  lower  rate.    When  the  input  signal  is  zero  or  nearly 

,  dc,  the  effective  sampling  rate  is  a  minimal  76  Hz.   Overall,  the  number  of  samples 

■  required  to  store  a  given  event  is  reduced  via  this  memory-saving  mode  of  operation, 

allowing  many  Hghtning  events  to  be  stored  before  the  data  are  read  out.  When  the 

LTR  is  sampUng  at  its  minimal  rate  and  a  fast  transient  occurs,  the  LTR  records  the 

new  point.  Since  data  points  are  connected  by  straight  lines,  this  sometimes  results  in 

a  long  ramp  (up  to  13.16  ms)  connecting  the  two  points.  To  avoid  this  ramp  created 

by  the  LTR  signal  processing  algorithm,  we  insert  a  point  in  the  data  one  minimum 

sampling  time  (0.2 /is)  before  the  fast  transient. 

3.3.3.2  Nicolet  Pro  90  digitizing  oscilloscope 

Nicolet  Pro  90  digitizing  oscilloscopes  are  four-channel  recorders  with  a  data  ca- 
pacity of  258,816  samples  per  channel.  Channels  1  and  2  have  8-bit  amplitude  reso- 
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lution  (256  quantization  levels)  with  up  to  200  MHz  sampling  rate.  Channels  3  and  4 
have  12-bit  amplitude  resolution  (4096  quantization  levels)  with  up  to  10  MHz  sam- 
pling rate.  The  sampling  rate  used  for  channels  1,  2,  3  and  4  was  10  MHz  limiting  the 
record  lengths  to  25.8816  ms  per  channel.  The  Nicolet  Pro  90  has  a  programmable 
pre-trigger  memory  which  was  set  to  500 /xs.  Also,  post-trigger  delay  was  used  to  set 
two  channels  to  record  sequentially.  For  most  measurements,  channels  3  and  1,  and 
channels  4  and  2  were  used  in  tandem  (see  Appendix  C  for  more  details).  This  setup 
is  summarized  in  Table  3.8.  The  Nicolet  Pro  90  oscilloscopes  were  housed  in  the 
Launch  Control  trailer  and  were  powered  by  APS  500  uninterruptable  power  supply 
(UPS)  units. 

Table  3.8:  Typical  settings  for  the  four-channel  Nicolet  Pro  90  digitizing  oscilloscopes. 


Channels 

Amphtude 
Resolution 

Sampling 
Rate 

Record  Length 
per  Channel  [ms] 

Combined 
Record  Length  [ms] 

3  and  1 

12-bit  and  8-bit 

10  MHz 

25.8816 

51.7632 

4  and  2 

12-bit  and  8-bit 

10  MHz 

25.8816 

51.7632 

3.3.3.3     Nicolet  Multipro  digitizing  system 

The  Nicolet  Multipro  digitizing  oscilloscope  is  a  four-card  recorder,  each  card  hav- 
ing 4  channels,  with  data  capacity  of  517,632  samples  per  channel.  All  channels  have 
12-bit  amplitude  resolution  (4096  quantization  levels)  with  up  to  100  MHz  sampling 
rate.  The  sampling  rate  used  for  all  channels  was  10  MHz,  limiting  the  record  length 
to  51.7632  ms  per  channel.  The  Nicolet  Multipro  has  a  programmable  pre-trigger 
memory  which  was  set  to  500  /iS.  Also,  post-trigger  delay  was  used  to  set  two  chan- 
nels to  record  sequentially  for  some  measurements  (see  Appendix  C  for  more  details). 
The  Multipro  oscilloscope  was  housed  in  the  Launch  Control  trailer  and  was  powered 
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by  UPS. 

3.3.3.4  LeCroy  9354  digitizing  oscilloscope 

The  LeCroy  9354  digitizing  oscilloscope  has  an  input  bandwidth  of  500  MHz,  four 
segmentable  8  bit  channels  and  a  digitization  rate  of  up  to  2  GHz.  There  was  one 
9354  used  in  the  experiment  until  September  6,  1999,  at  which  time  a  second  9354 
was  added  to  the  experiment.  The  first  9354  had  a  500  Mb  PCMCIA  hard  drive;  the 
second  unit  had  only  a  floppy  disk  drive  for  data  collection.  All  channels  were  set 
to  sample  at  10  MHz  rate  with  a  pre-trigger  of  500  ^s.  The  maximum  data  storage 
for  each  channel  is  400,000  points  at  a  sampling  rate  of  10  MHz.  Each  channel  was 
set  to  record  a  maximum  of  eight  segments  with  a  data  storage  of  50,000  points  per 
segment  for  the  first  scope  and  a  maximum  of  eight  segments  with  a  data  storage  of 
20,000  points  per  segment  for  the  second  scope.  The  reduction  of  data  storage  on 
the  second  scope  is  due  to  the  Umitation  of  data  space  on  the  floppy  disk  drive  on 
the  second  scope.  The  record  length  for  each  segment  was  5  ms  on  the  first  scope 
and  2  ms  on  the  second  scope.  In  the  2000  experiments,  a  LeCroy  9354  was  setup  to 
measure  low-level,  slow  current  and  voltage  waveforms  from  August  2  to  August  22. 
These  scopes  were  housed  in  the  Launch  Control  trailer  and  were  each  powered  by 
UPS. 

3.3.3.5  LeCroy  Waverunner  LT344L  digitizing  oscilloscope 

The  LeCroy  Waverunner  digitizing  oscilloscopes  have  an  input  bandwidth  of 
500  MHz  and  four  segmentable  8  bit  channels.  These  oscilloscopes  had  a  500  Mb 
PCMCIA  hard  drive.  All  channels  were  set  to  sample  at  20  MHz  rate  (for  most  of  the 
flashes)  with  a  pre-trigger  of  500  ^s.  The  maximum  data  storage  for  each  channel  is 
1,000,000  points.  Each  channel  was  set  to  record  a  maximum  of  five  segments  with 
a  data  storage  of  200,000  points  per  segment.    The  record  length  for  each  segment 


was  10  ms.   These  scopes  were  housed  in  the  Launch  Control  trailer  and  were  each 
powered  by  UPS. 

3.3.3.6  LeCroy  LC574AL  digitizing  oscilloscope 

This  LeCroy  LC574AL  was  lent  by  NASA  to  the  Lightning  Laboratory  for  the 
2000  summer  experiments.  This  digitizing  oscilloscope  has  an  input  bandwidth  of 
1  GHz,  four  segmentable  8  bit  channels  and  a  digitization  rate  of  up  to  4  GHz,  with  a 
500  Mb  PCMCIA  hard  drive.  All  channels  were  set  to  sample  at  25  MHz  rate  with  a 
pre-trigger  of  500  //s.  The  maximum  data  storage  for  each  channel  is  2,000,000  points. 
Each  channel  was  set  to  record  a  maximum  of  five  segments  with  a  data  storage  of 
250,000  points  per  segment.  The  record  length  for  each  segment  was  10  ms. 

3.3.3.7  LeCroy  9384AL  digitizing  oscilloscope 

This  digitizing  oscilloscope  has  an  input  bandwidth  of  1  GHz,  four  segmentable  8 
bit  channels  and  a  digitization  rate  of  up  to  4  GHz,  with  a  500  Mb  PCMCIA  hard 
drive.  All  channels  were  set  to  sample  at  25  MHz  rate  with  a  pre-trigger  of  500  //s. 
The  maximum  data  storage  for  each  channel  is  2,000,000  points.  Each  channel  was 
set  to  record  a  maximum  of  five  segments  with  a  data  storage  of  250,000  points  per 
segment.  The  record  length  for  each  segment  was  10ms. 

3.3.3.8  Honeywell  101  tape  recorder/reproducer 

The  Honeywell  model  101  is  a  high-performance  IRIG  portable  magnetic  tape 
recorder/reproducer  with  microcomputer  control.  The  recorder  card  contains  both 
a  recorder  amplifier  and  a  head  driver  amplifier.  The  recorder  amplifier  conditions 
external  data  input  signals,  and  the  head  driver  amphfier  provides  gain  for  a  bias 
signal  internal  to  the  Model  101.  The  two  signals  are  linearly  mixed  in  the  recorder 
head.    The  reproducer  cards  allow  the  data  recorded  into  the  magnetic  tape  to  be 
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played  back.  The  recorder  has  16  analog  channels,  5  direct  record  channels  and  8 
FM  record  channels.  Direct  record  allows  selectable  input  data  voltage  magnitude 
range  of  0.1-1  volt  or  1-7.1  volts,  with  a  bandwidth  of  100  Hz  to  2  MHz  and  a  source 
impedance  of  75  Q,  maximum  to  meet  specifications,  or  600  Q  maximum  with  some 
degradation  in  frequency  responses  (direct  record  is  used  to  record  audio  and  time). 
The  FM  recording  allows  selectable  input  data  voltage  magnitude  range  of  ±  10  V 
peak  with  20  kQ  input  impedance  or  ±  4.24  V  peak  with  75  Q.  input  impedance,  with 
a  bandwidth  of  dc  to  500  kHz.  . 

3.3.3.9     Nicolet  Isobe  3000  fiber  optic  link 

The  recorders  (Nicolet  Pro  90,  Nicolet  Multipro,  LeCroy  9354  and  Honeywell  101) 
measured  the  sensor  outputs  (Section  3.3.1)  remotely  via  Nicolet  3000  fiber  optic  links, 
each  composed  of  an  Isobe  transmitter,  a  fiber  optic  cable,  and  an  Isobe  receiver.  The 
Isobe  transmitters  are  battery  operated  and  mounted  in  shielded  containers  at  the 
sensor  location.  The  transmitter  has  three  input  settings:  ±  lOV,  ±  1 V,  and  ±  0.1  V. 
Its  output  signal  is  relayed  via  fiber  optic  cables  to  the  Isobe  receiver  which  has  an 
output  voltage  range  of  ±  2  V  and  is  housed  with  the  oscilloscopes  in  the  Launch 
Control  trailer.  The  propagation  delay  of  the  Isobe  pair  (transmitter  and  receiver) 
combined  with  the  first  one  meter  of  fiber  optic  cable  is  approximately  70  ns,  plus 
an  additional  delay  of  5  ns  per  meter  of  optical  cable  beyond  the  first  meter.  Fiber 
optic  cables  were  assigned  to  Isobes  transmitter  and  receiver  pairs,  and  delays  were 
determined  experimentally.  These  delays  are  summarized  in  the  tables  of  Appendix  C. 
The  receivers  have  a  50-^  output  impedance;  thus,  a  50-17  termination  will  reduce 
the  receiver  output  by  a  factor  of  two. 
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3.3.3.10  Anti-aliasing  filters 

A  total  of  25  anti-aliasing  filters^  were  built  and  used  to  avoid  aliasing  when 
sampling  the  signals  with  the  digitizing  oscilloscopes.  Each  filter  was  assigned  to 
a  specific  ISOBE  (see  section  B.2).  Since  the  sampling  frequency  for  all  recording 
channels  was  set  to  10  MHz,  the  anti-aliasing  filters  were  designed  to  have  a  -3  dB 
attenuation  at  5  MHz  (half  the  sampling  rate) .  The  circuit  diagram  of  the  filters 
is  shown  in  Figure  B.3.  Each  anti-aliasing  filter  was  tested  to  obtain  its  frequency 
response  (see  section  B.2,  page  166).  The  interconnection  of  sensors,  ISOBE  3000, 
filters,  and  oscilloscopes  is  shown  in  Figure  3.12. 

3.3.3.11  Video  and  photographic  equipment 

Video  and  photographic  equipment  used  in  the  1999  experiments  consists  of  three 
Panasonic  SVHS,  two  Sony  Hi8  Hi-Fi  Video  Cameras,  and  four  Nikon  35-mm  Cam- 
eras. In  2000,  three  Sony  DV  (digital  video  cameras,  model  DCR-TVR900)  were 
added  to  the  experiment.  The  cameras  were  located  at  various  positions  through- 
out the  ICLRT.  The  video  cameras  (Panasonic  SVHS,  Sony  Hi8,  and  Sony  DV  were 
started  manually  at  the  beginning  of  the  storm  with  tapes  that  hold  up  to  two  hours 
(Panasonic  SVHS  and  Sony  Hi8)  and  ninety  minutes  (Sony  DV)  of  video.  The  Nikon 
35-mm  cameras  are  triggered  synchronously  via  a  fiber  optic  relay  system.  The  cam- 
era triggering  system  is  located  in  the  Launch  Control  trailer.  When  the  35-mm 
cameras  are  activated,  the  camera  shutters  are  set  to  remain  open  until  a  flash  (or 
sufficient  light  input)  is  detected.  A  summary  of  the  camera  locations  and  objects  in 
their  field  of  view  for  the  1999  experiments  appear  in  Table  3.9  and  their  locations  are 
shown  in  Figure  C.5  on  page  183.  A  summary  of  the  camera  locations  and  objects  in 
their  field  of  view  for  the  2000  experiments,  configuration  FPL-A-00  (Section  C.2.1), 

•^Anti-aliasing  filters  are  used  to  bandlimit  the  continuous  time  signals  before  they  are  sampled 
(see  Cartinhour  [1998]). 
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appear  in  Table  3.10  and  their  locations  are  shown  in  Figure  C.9  on  page  199  (video 
cameras)  and  Figure  C.IO  on  page  200  (still  cameras).  A  summary  of  the  camera 
locations  for  configuration  FPL-B-00  (Section  C.2.2)  appear  in  Table  3.11  and  their 
locations  are  shown  in  Figure  C.ll  on  page  201  (video  cameras)  and  Figure  C.12  on 
page  202  (still  cameras). 


Table  3.9:  Camera  locations  and  objects  in  their  fields  of  view  for  the  summer  of  1999 
experiments  (See  Figure  C.5). 


Camera 

Location 

Objects  in  the  Field  of  View 

Video  1" 

Launch  Trailer 

Tower  Launcher  close-up 

Video  2" 

IS3 

Wide  distribution  line  view 

Video  3" 

Field 
(between  ISl  and  distribution  line) 

Current  injection  point 

Video  4'' 

Tower  Launcher 

East  view  of  distribution  line 

Video  5^ 

Tower  Launcher 

West  view  of  distribution  line 

Photo  1 

Launch  Trailer 

Tower  Launcher  close-up 

Photo  2 

ISl 

Current  injection  point 

Photo  3 

IS3 

Wide  distribution  line  view 

Photo  4 

Field 
(between  ISl  and  distribution  line) 

Current  injection  point 

"  Panasonic  SVHS 
''  Sony  Hi8 
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Table  3.10:  Camera  locations  and  objects  in  their  fields  of  view  for  configuration 
FPL-A-00,  Section  C. 2.1  (See  Figure  C.9  and  CIO). 


Camera 

Location 

Objects  in  the  Field  of  View 

S-VHS-1" 

Launch  Trailer 

Tower  Launcher  close-up 

S-VHS-2" 

Tower  Launcher 

Current  injection  point 

S-VHS-3" 

Simulated  House 

Current  injection  point 

DV-l'^ 

Tower  Launcher 

Pole  9,  Horizontal  Configuration 

DV-2'^ 

Tower  Launcher 

West  view  of  distribution  line 

DV-S'^ 

Tower  Launcher 

Pole  10,  Horizontal  Configuration 

Hi-8-l'' 

Tower  Launcher 

East  view  of  distribution  line 

Hi-8-2'' 

Field 
(South  of  the  Tower  Launcher) 

Current  injection  point 

Hi-8-3'' 

IS3 

Wide  distribution  line  view 

Still  1 

Tower  Launcher 

Current  injection  point 

Still  2 

Launch  Trailer 

Tower  Launcher  close-up 

Still  3 

Simulated  House 

Current  injection  point 

Still  4 

IS3 

Wide  distribution  fine  view 

Still  5 

Field 
(South  of  the  Tower  Launcher) 

Current  injection  point 

"  Panasonic  SVHS 

''  Sony  Hi8 

^  Sony  Digital  Video  Camera 
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Table  3.11:  Camera  locations  and  objects  in  their  fields  of  view  for  the  summer  of  2000 
experiments  for  configuration  FPL-B-00,  Section  C.2.2  (See  Figure  C.ll  and  C.12). 


Camera 

Location 

Objects  in  the  Field  of  View 

S-VHS-1" 

Launch  Trailer 

Tower  Launcher  close-up 

S-VHS-2" 

Tower  Launcher 

Midpoint 

(between  pole  9  and  10) 

S-VHS-3" 

Simulated  House 

Current  injection  point 

DV-1^ 

Tower  Launcher 

Current  injection  point 

DV-2^ 

Tower  Launcher 

West  view  of  distribution  line 

DV-3^ 

Tower  Launcher 

Pole  10,  Horizontal  Configuration 

Hi-8-l'' 

Tower  Launcher 

East  view  of  distribution  line 

Hi-8-2'' 

Field 
(South  of  the  Tower  Launcher) 

Current  injection  point 

Hi-8-3'' 

IS3 

Wide  distribution  hue  view 

Still  1 

Tower  Launcher 

Midpoint 

(between  pole  9  and  10) 

Still  2 

Launch  Trailer 

Tower  Launcher  close-up 

Still  3 

Simulated  House 

Current  injection  point 

Still  4 

IS3 

Wide  distribution  line  view 

Still  5 

Field 
(South  of  the  Tower  Launcher) 

Current  injection  point 

"  Panasonic  SVHS 

''  Sony  Hi8 

'^  Sony  Digital  Video  Camera 


CHAPTER  4 
VOLTAGE  MEASURING  TECHNIQUES 


In  this  chapter  we  describe  conventional  techniques  used  to  measure  voltages 
across  arresters  (Section  4.1),  and  we  present  a  new  technique  in  which  a  novel  device, 
the  magnetic-flux-compensated  voltage  divider,  is  used  (Section  4.2). 

4.1      Conventional  Measuring  Techniques 

Although  a  significant  distortion  of  the  voltage  waveform  may  result  depending  on 
the  magnitude  and  waveshape  of  the  current  waveform  (Mata  et  al.  2000a),  the  most 
common  practice  for  voltage  measurement  is  to  connect  a  voltage  divider  in  parallel 
with  the  object  under  test  (Schwab  1972;  Bowdler  1973;  Kuffel  1984;  Creed  1989; 
Khalifa  1990;  Ryan  1994;  Naidu  and  Kamaraju  1995;  IEEE  1995;  Kim  et  al.  1996; 
Mis  1999).  While  this  might  be  acceptable  for  cases  when  currents  involved  in  the 
measurement  are  fairly  slow,  small,  or  both,  this  practice  may  lead  to  considerable 
errors  and  voltage-waveforms  distortions  for  large  and  fast  currents  because  of  an 
induced  di/dt  component  in  the  measuring  loop  (Section  4.2).  It  is  based  on  this 
conventional  technique  (voltage  divider  in  parallel  with  the  object  under  test)  that 
High  Voltage  Laboratories  test  arresters,  and  arrester's  manufacturers  provide  their 
characteristic  curves.  No  standards  are  available  on  this  subject,  and  the  technique 
for  arrester  voltage  measurement  seems  to  be  left  to  the  judgment  of  each  High 
Voltage  Laboratory  director.  Yet,  waveforms  obtained  using  the  conventional  voltage 
measurement  technique  are  still  being  used  to  develop  sophisticated  arrester  models 
(Durbak  1985;  Petit  et  al.  1991;  Soler  et  al.  1991;  Lucas  and  McLaren  1991;  IEEE 

52 


53 

Working  Group  3.4.11  1992;  Pereira  et  al.  1995;  Kim  et  al.  1996;  Hagiwara  et  al.  1997; 
Pinceti  and  Giannettoni  1999;  da  Costa  et  al.  1999)  and  to  compare  different  models 
presented  in  the  literature  (Stockum  1994;  Kim  et  al.  1996). 


b) 


ij 

i{t) 

MOV  Block 

r^ 

WMM, 

■-f) 

,         -*--^ 

y    ^ 

/ 

Voltage  Divider 


Figure  4.1:  a)  Conventional  connections  of  the  voltage  divider;  b)  Coaxial  connection 
of  the  voltage  divider  (adapted  from  Schmidt  et  al.  [1989]). 


The  most  significant  distortion  on  the  voltage  waveform  when  large  and  fast  cur- 
rents are  involved  is  the  presence  of  a  spike  at  the  beginning  of  the  voltage  wave- 
form (Dang  et  al.  1986;  Mukae  et  al.  1987;  IEEE  Working  Group  3.4.11  1992;  Mata 
et  al.  2000a)  ^  Schmidt  et  al.  [1989]  presented  detailed  and  interesting  systematic 
research  on  this  subject.  In  this  work,  the  test  objects  were  MOV  blocks  with  cylin- 
drical hole^,  as  seen  in  Figure  4.1b.  The  source  of  the  voltage  spike  was  identified  by 
comparing  voltage  measurements  with  two  voltage  divider  arrangements  (Figure  4.1); 
"the  arrangement  of  the  voltage  divider  adjacent  to  the  blocks  results  in  a  voltage 
spike  of  about  85  %  because  of  the  magnetic  coupling  from  the  current  (di/dt)  in 

^In  Dang  et  al.  [1986]  Eind  Mukae  et  al.  [1987]  a  voltage  spike  (or  voltage  overshoot)  of  up  to  50 
to  100  %  was  reported,  while  in  Mata  et  al.  [2000a]  voltage  spikes  of  about  300  %  (with  respect  to 
the  residual  voltage)  were  observed. 

^According  to  this  work,  comparative  measurements  with  and  without  hole  showed  the  same 
behavior  in  principle. 
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the  voltage  measuring  loop"  (see  Figure  4.1a).  On  the  other  hand,  measurements 
obtained  using  the  configuration  shown  in  Figure  4.1b,  resulted  in  a  voltage  spike  of 
about  20%  (with  respect  to  the  residual  voltage)  for  the  same  current  impulse.'^ 

Three  typical  arrester  voltage  waveforms  (summarized  in  Figure  4.2)  where  iden- 
tified in  the  work  of  Schmidt  et  al.  [1989].  The  first  voltage  waveform  (Figure  4.2a) 
corresponds  to  a  fast  current  using  the  test  connection  shown  in  Figure  4.1a,  where  a 
spike  of  about  50-80  ns  wide  was  identified.  Figure  4.2b  shows  the  voltage  waveform 
response  to  a  fast  current  obtained  when  using  the  "coaxial"  connection  (Figure  4.1b), 
where  a  spike  of  about  10-50  ns  wide  was  observed.  The  last  voltage  waveform  (see 
Figure  4.2c)  corresponds  to  a  slow  current  with  either  of  the  configurations  shown 
in  Figure  4.1.  Note  that  the  amphtude  of  the  initial  peak  depends  on  the  current 
waveform.  '  .  ■        ,..'■: 


,  500  ns 


Time(ns)°"^"^  Time  (ns) '"""^  .  Time  (ns)^°°"^ 

Figure  4.2:  Different  voltage  waveforms  across  an  arrester.   ■ . 


Other  important  findings  in  Schmidt  et  al.  [1989]  were  that:  (i)  The  residual 
voltage  (K)  increased  with  shorter  front  times  in  the  current,  (ii)  The  initial  peak  in 
the  voltage  waveform  becomes  larger  than  the  residual  voltage  for  current  front  times 
less  than  30  ns.  (iii)  A  voltage  overshoot  of  only  about  30  %  can  be  related  to  the 
characteristics  of  the  material,  (iv)  Voltage  spikes  could  be  considerable  when  testing 

^The  residual  voltage  (Vr^/^o^s-.iokA)  is  defined  as  the  discharge  voltage  for  the  nominal  8/20 /zs 
wave  with  an  amphtude  of  10 kA  (Schmidt  et  al.  1989),  while  the  residual  voltage  (K)  is  defined  as 
the  clamping  voltage  of  the  arrester. 
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arresters  (of  the  order  of  200  %  of  the  residual  voltage  for  a  30-to-90  %  front  time  of 
about  1/xs). 

Although  the  "coaxial"  connection  presented  in  this  work  (Figure  4.1b)  reduces 
significantly  the  magnetic  coupling  to  the  measuring  circuit,  this  technique  is  not 
practical  when  measuring  voltages  across  commercial  arresters. 

An  interesting  "differential  voltage  divider"  was  introduced  by  Drilling  et  al.  [1998] 
to  measure  low  voltage  surge  arrester  and  spark  gap  voltages  during  the  application 
of  high  rate  of  rise  current  impulses.  The  device  is  based  on  the  conventional  tech- 
nique with  an  additional  loop  to  compensate  for  the  di/dt  component.  Although  the 
equivalent  circuit  they  analyze  for  the  conventional  technique  is  incorrect  (since  they 
assumed  the  di/dt  to  be  the  result  of  only  the  stray  inductance  of  the  arrester),  the 
new  differential  divider  presented  seems  very  promising.  The  principle  of  operation 
of  the  differential  voltage  divider  is  shown  in  Figure  4.3.  Here,  ®  is  the  high  voltage 
divider  connected  to  the  surge  arrester  so  that  the  area  of  the  loop  made  by  the 
divider,  its  leads  and  the  arrester  is  ®.  This  divider  measured  the  voltage  across 
the  arrester  in  the  conventional  way.  A  second  identical  divider  ®  with  a  shorted 
compensation  loop  ®  is  placed  next  to  the  first  divider  and  signals  are  sent  to  the 
differential  amplifier.  Both  areas  are  penetrated  by  the  magnetic  flux  originated  from 
the  current  in  the  surge  arrester.  The  induced  voltage  in  the  compensation  loop  ® 
is  adjustable  and  it  is  calibrated  as  follows:  (i)  the  arrester  under  test  is  replaced  by 
a  short  circuit,  (ii)  the  same  surge  current  (at  which  the  arrester  will  be  tested)  is 
applied,  (iii)  the  output  voltage  of  the  differential  divider  is  adjusted  to  zero.        '    ' 

The  weakness  and  limitations  of  the  differential  voltage  divider  are: 

•  The  device  does  not  provide  any  compensation  for  a  possible  non-symmetric 
current  density  on  the  nonlinear  material  (Mata  et  al.  1999a  and  1999b;  Andoh 
et  al.  2000). 

•  The  operation  of  this  device  is  limited  to  low  voltages  where  the  second  loop  (® 
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Figure  4.3:  Principle  of  a  differential  voltage  divider  (adapted  from  Drilling  et  al. 
[1998]). 


in  Figure  4.3)  does  not  present  a  potential  hazard  for  a  flashover  to  the  upper 
lead  of  ©. 

•  This  device  cannot  be  used  to  measure  voltages  across  arrester  on  real  distri- 
bution systems  because  loop  ®  needs  to  be  fairly  large  to  accommodate  for  the 
compensation  loop  ®. 

•  The  compensation  technique  requires  calibration  with  the  same  current  as  that 
at  which  the  arrester  will  be  exposed.  In  reality,  different  lightning  events  will 
have  different  currents. 

4.2     Magnetic-Flux-Compensated  Voltage  Divider 

In  order  to  measure  the  "actual"  voltage  across  an  arrester,  that  is,  to  minimize  in- 
duction effects,  a  novel  voltage  divider  was  designed  and  implemented:  the  magnetic- 
flux- compensated  voltage  divider^  The  idea  of  the  magnetic- flux- compensated  voltage 


"^The  Disclosure  of  Invention  was  submitted  to  the  Licensing  Office  on  fall  of  1999  to  patent  this 
device. 


'•l-fT-'~''>  ■    T>-^  • 


sr 


V^i 


V. 


■'   0     Ba 


^(0 


v. 


V, 


neutral 


V, 


Figure  4.4:  Magnetically  Compensated  Voltage  Divider.  The  direction  of  the  arrows 
in  voltages  Vi,  V2,  F3,  and  V4  represents  the  polarity  of  the  measurement. 
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divider  is  to  cancel  out  the  induced  voltage  in  the  measuring  loop  (see  Section  4.1), 
by  using  four  mixed  dividers  (see  Figure  4.4)^. 

Recall  that  the  induced  electromotive  force  due  to  a  time  varying  magnetic  field 
derives  from  Maxwell's  equations  (Wangsness  1986): 

"  ■   '■     emf^(pE-dl=-      —--da  (4.1) 

JC  JS        (^^  ;. 

where  the  magnetic  induction  B  is  given  by  (see  Figure  4.5): 

■      B(M)=jr^.B(M)*'  =  £/,^:i^.»'         (4.2) 

and  then,  combining  (4.1)  and  (4.2),  "  ■  ■  .  y 

•'  dt  dtJs     injy,  R^ 


da  (4.3) 


It  was  found  (Mata  et  al,  Mata  et  al.  1999a,  1999b)  that  with  the  proper  con- 
nection of  several  voltage  dividers,  the  induction  coupling  would  be  minimized.  The 
connection  is  such  that  two  mixed  dividers  (parallel  connection)  are  connected  paral- 
lel to  the  arrester  in  the  same  plane  (upper  part).  The  electromotive  forces  emfi  and 
em/2  might  not  be  equal,  due  to  a  possible  non-symmetric  (with  respect  to  vertical 
axis  z)  current  distribution  Ji  (see  Figure  4.4)  although  the  device  is  designed  so 
that  the  area  Ai  is  the  same  in  both  sides.^  With  two  voltage  dividers  the  effect  of 
a  non-symmetric  current  distribution  Ji  in  the  arrester  is  minimized  since  by  com- 
pensating em/i  and  em/2  we  average  the  induced  voltages.  The  bottom  part  of  the 

^For  this  invention,  parallel-mixed  dividers  are  used,  these  are  described  in  Section  B.1.2 

A  non-symmetric  current  distribution  Jj  would  imply  a  non-symmetric  magnetic  induction  B 
(and  therefore  Bi  ^  B2),  which  would  result  in  different  electromotive  forces  according  to  (4.3). 
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a) 


b) 
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Figure  4.5:  a)  Flux  of  B  through  a  surface  S  with  a  contour  C;  b)  Geometrical 
relations  between  the  volume  current  density  and  the  magnetic  induction  it  produces. 


device  is  similar  to  the  top  part,  connected  upside  down  across  a  short  circuit  bellow 
the  arrester.  The  area  {A2)  is  the  same  in  both  sides,  therefore  the  electromotive  force 
is  the  same  (em/4  =  em/3).  The  four  outputs  (Vi,  V2,  V3  and  V^)  are  then  added.  If 
we  define  the  proportionality  constant  fcp  as: 


/?2 


Rl  +  i?2 


(4.4) 


then  we  can  express  Vi,  V2,  V3  and  V4  as  follows: 


Vi  =  kp  {Vphase  —  Vneutral  +  em/i) 

V2  =  kp  {Vphase  -  Vneutral  +  em/2) 

V3  =  -kpcmfs 

V\  =  —kp  6171/4 


(4.5) 
(4.6) 
(4.7) 
(4.8) 


These  voltages  are  added  by  means  of  an  electronic  summing  box  built  into  the  device 
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(see  Figure  4.6).  By  adding  (4.5),  (4.6),  (4.7),  and  (4.8)  (note  that  by  symmetry  V^ 
and  V4  are  equal)  we  minimize  the  induced  electromotive  force  component  on  the 
output  voltage  of  the  device  (4.9). 
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Figure  4.6:  Summing  box  configuration  (resistors  for  summing  four  voltage  signals) 
used  in  the  Magnetic-Flux-Compensated  Voltage  Divider.  All  grounds  at  56  Q  resis- 
tors are  local  grounds  in  the  electronics  box.  Ground  for  the  50  il  resistor  is  at  the 
end  of  the  coaxial  cable  carrying  the  voltage  signals. 


Vout  <y^Vi  +  V2  +  V3  +  V4^  kp  [2{Vphase  "  Vneutral)  +  (cm/i  -|-  em/2  "  em/3  -  6171/4)] 

(4.9) 
where 

emfi  +  em/2  -  em/3  -  em/4  ~  0  (4-10) 

The  assumptions  for  this  voltage  divider  to  provide  the  actual  voltage  across  a  device 
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are  the  following: 

®  The  device  is  connected  to  the  distribution  line  such  that  the  B  fields  from  the 
distribution  line  conductors  are  perpendicular  to  the  normal  of  the  areas. 

®  Other  sources  of  time-varying  magnetic  fields  such  as  the  tortuous  lightning 
channel  above  the  distribution  line  or  currents  flowing  in  phase  or  ground  wires 
are  insignificant  or  are  distant  enough  that  they  affect  equally  the  four  loops. 

@  The  geometry  shown  in  Figure  4.4  is  such  that  Ai  =  A2. 


CHAPTERS 
REPRESENTATION  OF  SOURCE  AND  SYSTEM  ELEMENTS  IN  EMTP 


Network  sections  (such  as  transmission  line  sections,  downleads,  ground  rods,  etc.) 
in  the  EMTP  model  for  the  1996  and  2000  experiments  were  modularized  by  using  the 
Data  Base  Module  (DBM)  feature  of  EMTP  (Alternative  Transient  Program  (ATP) 
Rule  Book  [1987-1998]).  The  processed  DBM  can  be  included  in  the  model  as  many 
times  as  needed. 

5.1      Lightning  Current  Model 

A  Type  1  (user  defined)  current  source  can  be  used  in  the  EMTP  simulation, 
.  where  the  user  specifies  the  value  of  the  source  at  each  time  step  (see  Section  D.3 
on  page  218).    Therefore,  an  ideal  current  source  can  be  defined  in  the  EMTP  to 
represent  the  measured  lightning  channel  current. 

The  measured  lightning  channel  current  waveforms  exhibit  discontinuities  (due 
to  samphng  and  quantization  noise)  that  must  be  removed  before  using  that  current 
waveform  as  an  input  to  the  EMTP  program.  These  discontinuities  cause  relatively 
large  di/dt  and/or  dv/dt  spikes.  Depending  on  the  digitizer  used  to  measure  the 
hghtning  channel  current  (resolution  and  sampling  rate)  different  algorithms  are  used 
to  process  data  to  be  used  as  an  input  to  the  EMTP  program.  Quantization  noise 
(caused  by  the  digitizing  oscilloscope)  is  a  serious  problem  since  small  (but  fast) 
oscillations  in  the  source  current  cause  large  oscillations  in  the  model  responses.  In 
the  following  we  describe  processing  of  measured  current  waveforms  to  be  used  as 
sources  for  EMTP. 
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In  1996,  the  lightning  channel  current  was  measured  using  a  LTR  (see  Fernan- 
dez 1997).  Here,  the  LTR  record  (+/-  13 kA  range)  of  the  total  triggered-lightning 
current  was  up-sampled  (using  a  linear  interpolation  algorithm)  and  then  filtered  by 
a  first  order  Butterworth  digital  filter  with  a  cutoff  frequency  of  700  kHz  to  smooth 
out  the  discontinuities  in  the  waveform.  These  discontinuities  are  a  result  of  LTR's 
hmited  vertical  resolution.  The  algorithm  used  to  upsample,  filter,  and  write  the 
signal  to  a  formatted  AS Cn  file  follows: 

Processing  LTR  data  , 


'/.  Uses  LTR  '0216'  with  a  range  of  13  kA 

'I,  ■  ' 

'/,  Create  the  Source  file  to  be  used  in  the  ATP  simulation. 

*/.  Source  type  1,  the  user  specifies  the  value  of  the  source 

'/,  at  each  time  step 

7. 

load  . ./data/07-31-96/AS021601.001 

tp=0:5e-9:100e-6; 

'/. 

AS021601(:,1)=AS021601(:,1)  -  1.9; 

AS021601(4,2)=0;  '/,  assign  zeros  so  the  source  start  with  0  magnitude 

AS021601(4,1)=0; 

■/. 

'/.       Use  interpolation  to  upsample  the  LTR  waveform 

7,      In  this  case,  the  time  step  is  5  ns  (200  MHz). 

7. 

out=interpl(AS021601(:,l)*le-6,AS021601(: ,2)*130,tp, 'linear' ) ; 

7.  us  range  13  kA 

7. 

7i  BUTTER  Butterworth  digital  and  analog  filter  design. 

7.    [B,A]  =  BUTTER(N,Wn)  designs  an  Nth  order  lowpass  digital 

7.    Butterworth  filter  and  returns  the  filter  coefficients  in  length 

7.    N+1  vectors  B  (numerator)  and  A  (denominator) .  The  coefficients 

7.    aire  listed  in  descending  powers  of  z.  The  cut-off  frequency 

7,    Wn  must  be  0.0  <  Wn  <  1.0,  with  1.0  corresponding  to 

7.    half  the  sample  rate . 

7. 

[b,a]  =  butter (1,  .007)  ;   7.  Determine  the  filter  parameters 

sour  =  f ilter(b,a,out) ;   7.  filter  signal  "out",  ans  store  it  in  "sour" 

7.  b  =  0.01087642013487   0.01087642013487 
7.  a  =  1.00000000000000  -0.97824715973025 

7.  plot(AS021601(:,l),-AS021601(:,2)*.130,'k*-'),axis([0  100  -15  0]) 

7.  LTR  Source . 

7. 

7.  create  an  ASCII  file  called  source.txt  that  has  the  current  waveform 

%   to  be  used  from  the  main  atp  data  case. 

7.  This  is  the  LTR  file,  up-sampled  and  filtered. 

f  id=fopen(' source,  txt ', 'w')  ;    7.  open  the  file  source.txt 
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fprintf  (fid, ''/.T.lfNn' ,-sour')  ;  7.  write  formatted  data  to  file 

fclose(fid);  7.  close  the  file 


In  2000,  when  the  incident  current  was  acquired  with  LeCroy  oscilloscopes,  a 
different  approach  was  used.  Few  points  are  manually  selected  from  the  incident 
current  waveform,  and  points  in  between  are  estimated  using  cubic  interpolation. 
This  approach  is  better  than  conventional  filtering,  since  quantization  noise  is  removed 
instead  of  being  smoothed  down.  Figure  5.1  illustrates  this  procedure.  Notice  how 
the  estimated  current  follows  the  measured  incident  current  on  the  fast  portion  of  the 
waveform  (Figure  5.1b)  and  how  effective  the  algorithm  is  at  the  decay  portion  of  the 
waveform  where  the  quantization  noise  is  maximum  (Figure  5.1c). 

5.2      Transmission  Line  Model 

The  transmission  line  sections  were  represented  by  using  the  J.  Marti  frequency- 
dependent  transmission  line  model  (Section  D.2.1),  using  the  subroutine  LINE  CON- 
STANTS, as  described  in  Alternative  Transient  Program  (ATP)  Rule  Book  [1987- 
1998],  to  specify  the  line  and  conductors  parameters.  The  J.  Marti  model  was  pre- 
ferred over  the  Noda  frequency-dependent  transmission  line  model  (Section  D.2.2) 
because  the  former  requires  less  computation  time  which  is  very  valuable  when  run- 
ning the  optimization  algorithms  (Section  6.1).  The  J.  Marti  source  file  using  the 
LINE  CONSTANTS  subroutine,  the  DBM  source,  and  the  datacase  files  of  a  24-m 
transmission  line  section  are  presented  in  Section  E.l. 
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Figure  5.1:  Processing  of  the  measured  lightning  channel  current  waveform  to  elimi- 
nate quantization  noise  for  subsequent  use  in  the  EMTP.  The  dotted  line  represents 
the  measured  current  waveform,  circles  indicate  manually-picked  points  that  repre- 
sents nodes  to  perform  the  cubic  interpolation,  and  the  solid  line  represents  the  inter- 
polated waveform:  a)  100 //s  time  window,  b)  rising  portion  of  the  incident  current, 
and  c)  decaying  portion  of  the  incident  current. 
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5.3     Arrester  Models  and  Equivalent  Circuits 

,  Metal  oxide  surge  arresters  were  developed  in  the  late  1970s,  and  ever  since  they 
have  been  the  subject  of  studies  and  continuous  testing.^  Yet,  it  is  not  completely 
understood  how  these  devices  behave  when  subjected  to  fast  transients,  since  the 
models  available  in  the  literature  are  based  on  measurements  made  with  techniques 
that  are  not  adequate  for  large  and  high-frequency  current  processes.  In  this  section 
we  present  equivalent  circuits  found  in  the  literature,  conventional  techniques  used  to 
measure  voltages  across  arresters,  and  a  proposed  novel  technique  to  measure  actual 
arrester  voltages. 


Grain 
Boundary 


A{dv/dt,v,T)^^ 


C{dV/dt,  V,  d) 


MOV  Grain 


Figure  5.2:  Equivalent  circuit  developed  by  Schmidt  et  al.  [1989]. 

In  Schmidt  et  al.  [1989],  an  arrester  model  that  would  take  into  account  their 
findings  was  developed  (see  Figure  5.2).  Here,  R{i)  is  the  non-linear  effect  of  the 
MOV  grain  boundary,  R  is  the  linear  resistance  of  the  MOV  grain,  A[dV/dt,  V,  r) 
is  the  turn-on  element  that  reflects  the  dynamic  charge  distribution  at  the  grain 
boundary,  C{dV/dt,  V,  i9)  is  the  capacitance  of  the  arrester  block,  R{-d)  is  the  high 

^See  Woodworth  and  Thallam  [1993]  and  Thallam  et  al.  [1995]  for  a  complete  list  of  references 
on  metal  oxide  surge  arresters  from  1980  to  1992. 
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ohmic  resistance  that  depends  on  the  temperature  and  is  only  of  interest  at  relative 
low  currents  (<  1  A),  t?  is  the  temperature  of  the  MOV  grain,  and  L  is  the  inductance 
that  constitutes  internal  and  external  magnetic  fields.^ 

Most  of  these  parameters  were  taken  from  curves  they  obtained  in  their  experi- 
ments. '. 

IEEE  Working  Group  3.4.11  [1992]  proposed  a  frequency-dependent  model,  based 
on  data  collected  by  them,  supplied  by  arrester  manufacturers,  and  obtained  from 
test  laboratories  on  arresters,  using  the  conventional  voltage  measuring  technique, 
this  model  is  known  as  the  IEEE  model.  This  model  consisted  of  two  non-linear 
resistors  and  two  i?  -  L  filters,  as  seen  in  Figure  5.3,  although  "more  sophisticated 
versions  of  this  model  can  be  made  by  adding  more  sections  of  non-linear  resistance 
separated  hy  R  -  L  filters".   For  slow  front  surges,  this  R-  L  filter  has  very  little 


^Lv\^ 

R, 

C  = 

"  ft 

ii     -^1 

r 

1 

Figure  5.3:  Frequency-dependent  model  proposed  by  IEEE  Working  Group  3  4  11 
[1992]. 


impedance  and  the  two  non-linear  resistors  are  practically  in  parallel.  For  fast  surges 
this  impedance  becomes  more  significant  and  more  current  is  drained  in  Aq  than  in 
Ai.  Since  Aq  has  a  higher  voltage  for  a  given  current  than  ^i,  the  arrester  model 
generates  higher  voltages  for  faster  surges.  Its  parameters  are  adjusted  by  trial-and- 
error. 


^The  assumed  inductance  was  of  l/zHm"^  and  for  the  case  of  coaxial  configuration  (Figure  4.1b) 
the  inductance  was  neglected. 
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A  non-linear  inductance  model,  which  consists  of  a  non-linear  inductance  in  se- 
ries with  a  non-linear  resistor,  was  proposed  by  Kim  et  al.  [1996],  claiming  that 
their  model's  parameters  would  be  easier  to  calculate  than  those  of  the  IEEE  model 
(although  it  is  not  clearly  stated  how  to  calculate  these  parameters).  The  measured 
waveforms  they  used  to  develop  their  model  were  obtained  also  using  the  conventional 
voltage  measurement  technique.  They  proposed  a  V-1  characteristic  that  consists  of 
a  hysteresis  loop,  which  is  obtained  using  the  peak  voltage  of  a  steep  front  impulse 
response  (this  last  could  be  affected  by  magnetic  coupling  to  the  measuring  loop). 
Their  voltage  waveforms  look  unrealistic,  since  they  decay  very  rapidly  and  do  not 
exhibit  initial  spikes  (not  even  for  steep  front  currents). 

A  simplified  model  for  zinc  oxide  surge  arrester  was  presented  in  Pinceti  and 
Giannettoni  [1999],  based  on  the  IEEE  model  (IEEE  Working  Group  3.4.11  1992). 
The  main  innovation  introduced  by  the  model  lays  in  the  simplicity  of  the  criteria 
proposed  for  the  model's  parameter  specification  (see  Figure  5.4).  The  model  can 
be  completely  specified  starting  from  the  standard  manufacturer's  data-sheets  that 
report  the  residual  voltages  for  different  current  pulses. 


Figure  5.4:  Simplified  frequency-dependent  model  proposed  by  Pinceti  and  Giannet- 
toni [1999]. 


•   i>"V-V,T^;rT'7i.-f-'- 
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In  Figure  5.4,  R  is  approximately  1  Mil,  Lq  and  Li  are  given  by: 


Lo  = 


Li  = 


Ki 


/T2 


Vr 


r8/20 


K8/20 
K1/T2  —  K-8/20 


12 


K 


r8/20 


(5.1) 

(5.2) 


where  I4  is  the  arrester  rated  voltage,  Vr\/T2  is  the  residual  voltage  at  10  kA  fast 
front  surge  {IIT2  //s)^,  and  K8/20  is  the  residual  voltage  at  10  kA  current  surge  with  a 
8/20 /is  shape.  The  V-I  characteristics  of  the  nonlinear  resistors  Aq  and  Ai  are  given 
in  Table  5.1  in  p.u.  referred  to  ^8/20- 

Table  5.1:  V-I  characteristics  of  Aq  and  Ai. 


Current  [kA 

Voltage  Aq  [p.u.] 

Voltage  Ai   p.u.] 

2  X  10-*^ 

0.810 

0.623 

0.1 

0.974 

0.788 

1 

1.052 

0.866 

3 

1.108 

0.922 

10 

1.195 

1.009 

20 

1.277 

1.091 

Mata  et  al.  [2000a]  proposed  an  arrester  model  taking  into  account  magnetic  cou- 
pling of  the  current  through  the  arrester  to  the  measuring  circuit.  This  model  allowed 
them  to  reproduce  a  voltage  spike  of  about  300  %  (with  respect  to  the  residual  volt- 
age, in  that  case  of  36.4  kV)  observed  in  experimental  data.  The  model  is  illustrated 
in  Figure  5.5,  where  the  emf  =  ^  //^  B  •  da,  and  da  is  a  differential  of  area  in  the 
loop.  The  non-linear  element  R{t)  was  modeled  using  a  Type  92  non-linear  resistors 

^The  decay  time  T2  is  not  explicitly  written  because  different  manufacturers  may  use  different 
values.  According  to  Pinceti  and  Giannettoni  [1999],  "This  fact  does  not  cause  any  trouble,  since 
the  peak  value  of  the  residual  voltage  appears  on  the  rising  front  of  the  impulse." 
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(Alternative  Transient  Program  (ATP)  Rule  Book  [1987-1998]).  The  authors  found 
the  initial  voltage  spike  to  be  an  effect  of  the  contribution  of  the  mutual  inductance 
and  the  stray  inductance  of  the  arrester  (5.10),  and  not  only  of  the  stray  inductance  as 
it  is  found  in  the  literature  (Schmidt  et  al.  1989;  IEEE  Working  Group  3.4.11  1992). 
The  equivalent  circuit  shown  in  Figure  5.5  is  also  hard  to  implement  in  EMTP  due 
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phase 
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i,{t) 


R{t) 


neutral 


-^    r 


M 


i2{t) 


neutral 


Figure  5.5:  Induced  voltage  in  the  measuring  loop  when  measuring  the  voltage  across 
an  arrester. 


to  convergence  problems  when  connecting  non-linear  elements  in  series  with  coupled 
branches.  Therefore,  the  authors  neglected  the  voltage  divider  branch  in  their  model, 
since  this  is  a  relatively  high  impedance  compared  to  the  impedance  of  the  arrester. 
So,  the  only  branch  included  into  the  model  was  the  arrester  branch  (considering 
only  the  arrester  self-inductance  (Lj),  the  mutual  inductance  (M)  was  taken  into 
account  afterwards  in  the  signal  processing  algorithm).  This  approximation  is  vahd 
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if  we  consider  the  equation  of  the  equivalent  circuit  shown  in  Figure  5.5. 
V  V  -V      ^T   ^^^(^^       M^y^ 

y  phase  —  y  neutral  —   V  R(t)  +  ^l  — ^7 ■'W  — ^— 

if  we  assume  that  M  and  L\  differ  by  at  least  one  order  in  magnitude  and  that:^ 

then  it  follows  that: 

dUt)        dUt) 

-|^«^^,     and  .•.ii(i)^z(0 

and  we  can  rewrite  (5.3)  as: 

di{t) 


y phase  ~  y neutral  ~   yR{t)  +  -^1 ' 


dt 


From  (5.4)  we  isolate  Vrj  +  Vflj,  then 


we  also  know  that, 


and  combining  (5.5)  and  (5.6)  we  obtain: 


(5.4) 


Vr,  +  Vr^   ^  Vphase  -  Vneutral  +  ^"^  (5-5) 


V^H.^(Vfi,+y«,)-^-^        •  (5.6) 


Vr2  ~   j^^^j^      (Vphase  -  Vr^eutral  +  ^ ^j  (5-7) 


*In  Mata  et  al.  [2000a]  M  =6/zH,  Li  =0.5 /iH  and  L2  was  neglected. 
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or  expressed  in  terms  of  the  actual  voltage  across  the  arrester: 


-«===raK'^^'^^-f^)  '-' 


R 


-^TR^yVm+L^-gf  +  M-^j  (5.9) 

where  Vn^  =  Vout  (the  output  voltage  of  the  voltage  divider  seen  in  Figure  5.5).  Note 
also  that  the  emf  induced  is  proportional  to  (Li  +  M),  w^here  Li  represents  the  stray 
and  leads  inductances  of  the  arrester,  and  M  the  magnetic  coupling  to  the  measuring 
loop.  This  new  approach  reproduces  fairly  well  experimental  results  as  shown  by  Mata 
et  al.  [2000a]  (see  Section  6.1). 

5.4     Leads  Connecting  the  Neutral  to  Ground  Rods 

The  capacitance  and  inductance  each  per  unit  length  of  a  vertical  wire  above 
ground  in  the  absence  of  other  conductors  nearby  are  given  by  Bazelyan  et  al.  [1978]: 

L^^\n{2h/r)     [H/m]  (5.12) 

where  h  is  the  height  above  ground  and  r  is  the  conductor's  radius.  To  calculate  C 
and  L  from  (5.11)  and  (5.12)  we  have  to  choose  first  the  number  of  sections  n  that 
will  represent  the  downleads.  The  vector  h  is  then  constructed  by  dividing  the  length 
of  the  downlead  L  by  the  number  of  sections  n  and  assigning  to  h  the  midpoint  value 
of  each  section.  This  way  we  avoid  an  infinite  value  when  trying  to  evaluate  either 
(5.11)  or  (5.12)  at  /i  =  0.  This  algorithm  is  represented  in  Figure  5.6.  If  we  define 
Ah  =  L/n,  from  Figure  5.6,  h  has  n  terms  with  increments  of  A/i,  being  h{l)  =  Ah/2. 


7$ 

Since  (5.11)  and  (5.12)  give  C  and  L  per  unit  length  we  multiply  these  equations  by 
Ah  to  obtain  (5.13)  and  (5.14)  which  give  C  and  L  (in  F  and  H  respectively)  for  each 
section  i  at  a  height  oi  h{i). 


L 


kA/iH 


i       ■ 


/i(l)  h{2)  /i(3)  h{4)  h{n  -  3)  h{n  -  2)  h{n  -  1)     h{n) 

Figure  5.6:  Calculation  of  C  and  L  to  be  used  in  the  circuit  model  for  downleads. 


L{i)  =  ^\n{2h{i)/r)xAh     [H]     \f  i  =  1,2, . . .  ,n  (5.14) 


Figure  5.7  shows  the  values  of  C  and  L  when  representing  a  downlead  of  6  m  by 
20  L  —  C  sections.  The  DBM  source  and  datacase  files  are  presented  in  Section  E.3. 

5.5     Ground  Rod  Model 

Grounding  electrodes  can  be  modeled  as  distributed  R-L-C  circuits,  as  shown  in 
Figure  5.8.  In  Mata  et  al.  [2000a],  it  was  found  (by  trial  and  error)  that  30  sec- 
tions were  sufficient  for  adequate  modeling  of  a  24-m  vertical  driven  rod,  where  the 
low-frequency  low-current  resistances  varied  from  10  to  60  Q  approximately  (See  Ap- 
pendix F  for  grounding  electrodes  frequency  response  for  different  number  of  sections 
used) . 
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Inductance 


0.5 


Height  (m) 

Figure  5.7:  Calculated  C  and  L  for  a  downlead  of  6  m  composed  of  20  sections.  The 
total  equivalent  C  and  L  are  YTi=i  C{i)  =49.94  pF  and  YJl=\  L{i)  =8.21 //H. 


The  capacitance  and  inductance  of  the  ground  rod  are  given  by  Iraece  et  al.  [1996]: 


C  = 


e^-l 


181n(4//d) 
4/ 


X  10-^  [F] 


L  =  2/ln(  ^  )  X  10-^  [H] 


(5.15) 

(5.16) 


where  e^  is  the  relative  permitivity  of  the  soil,  /  is  the  length  ,  and  d  is  the  diameter 
of  the  ground  rod. 

The  nonlinear  resistance  of  the  ground  rod  is  usually  expressed  as  a  function  of 
current  through  the  rod  CIGRE  [1991]: 


Rtit) 


Rq 


V^TMJTg 


(5.17) 


where  Rq  is  the  measured  low- frequency,  low-current  grounding  resistance,  i{t)  is  the 
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Figure  5.8:  Distributed-circuit  model  of  ground  rods:  a)  Schematic  representation  of 
current  fiow  and  magnetic  field  lines;  b)  Equivalent  circuit  of  the  ground  rod  shown 
in  a),  where  n  represents  the  number  of  sections.  Adapted  from  Imece  et  al.  [1996]. 


current  through  the  rod,  and  /<,  is  given  by: 


27ri?o^ 


(5.18) 


In  (5.18),  Eq  is  the  critical  electric  field  intensity  (approximately  300 kVm"^  Imece 
et  al.  [1996]),  and  p  is  the  ground  resistivity.  In  1996,  using  measured  values  of  i?o, 
26  to  56fi,  p  =  4000  i7-m,  we  find  that  Ig  is  greater  than  60  kA.  Both  measured  and 
calculated  currents  to  ground  range  from  2  to  8  kA,  and  hence  they  are  considerably 
smaller  than  the  computed  value  of  Ig.  As  a  result,  the  second  term  under  the  radical 
in  (5.17)  is  negligible  compared  to  unity  and  therefore  Rt  ~  i?o-  Based  on  the  above, 
we  modeled  ground  rods  as  linear  elements.  Equations  (5.17)  and  (5.18)  imply  that 
in  our  system  the  relatively  high  value  of  p,  relatively  low  values  of  /?o,  and  relatively 
low  values  of  currents  through  the  rods  make  the  ionization  of  soil  in  the  vicinity  of 
rods  unlikely.  However,  (5.17)  apparently  does  not  account  for  electrical  arcs  that 
can  develop  radially  from  the  ground  rod  along  the  ground  surface  and  reduce  the 
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value  of  ground  resistance  with  respect  to  Rq  (e.g.,  Rakov  et  al.  1998).   The  DBM 
source  and  datacase  files  are  presented  in  Section  E.4. 
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CHAPTER  6 
DATA  PRESENTATION,  ANALYSIS,  AND  MODELING 


In  this  chapter,  we  present  selected  measurements  made  in  1996,  1999,  and  2000, 
and  compare  the  measurements  to  model  predictions  for  the  1996  and  2000  data. 
Selected  experimental  data  for  the  1996,  1999,  and  2000  experiments  are  presented 
in  Sections  6.1,  6.2,  and  6.3,  respectively.  Additional  data  for  the  1996,  1999,  and 
2000  experiments  are  found  in  Fernandez  [1997],  Mata  et  al.  [1999b],  and  Mata  et  al. 
[20001],  respectively. 

6.1      1996  Experiments 

The  1996  experiments  are  described  in  Fernandez  [1997],  Mata  et  al.  [1998a],  and 
Fernandez  et  al.  [1998].  EMTP  modeling  of  the  two-conductor  distribution  hue  that 
was  exposed  to  triggered  lightning  in  summer  1996  has  been  performed  by  Mata  et  al. 
[2000a].  Three  different  cases  were  considered,  as  outlined  below. 
Case  1.  Simple  model  with  measured  grounding  resistances,  56,  26,  50,  and  41  fi, 
for  poles  1,  9,  10,  and  15,  respectively. 

Case  2.  Simple  model  with  adjusted  values  of  grounding  resistances.  These  values 
were  30,  13,  60,  and  56  fi  for  poles  1,  9,  10,  and  15,  respectively. 
Case  3.    Complex  model  using  the  adjusted  values  of  grounding  resistances  from 
Case  2. 

The  adjusted  values  of  grounding  resistances  were  obtained  by  running  an  opti- 
mization open-loop  algorithm  (using  the  Nelder-Mead  simplex  direct  search  method) 
in  which  EMTP  was  run  from  MATLAB  to  compare  and  minimize  the  area  between 
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the  measured  and  calculated  current-to-ground  waveforms  for  Case  1.  This  algorithm 
is  outhned  in  Figure  6.1. 
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Figure  6.1:  ATP/MATLAB  minimization  algorithm  to  estimate  optimum  grounding 
resistances. 


Overall,  for  Case  3,  measured  and  calculated  current  waveforms  showed  better 
agreement  than  for  Cases  1  and  2  (see  Mata  et  al.  [2000a]  for  more  details).  Currents 
to  ground  are  shown  in  Figures  6.2,  6.3,  6.4,  and  6.5. 
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flash  9621. 
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Figure  6.3 
flash  9621 


Time  (/is) 
:  Current  to  ground  at  pole  9  versus  time  displayed  on  a  100-^s  scale,  for 


6.1.1     Currents  to  Ground;  Cases  1,  2  and  3 


The  measured  and  calculated  currents  to  ground  at  pole  1,  shown  in  6.2,  are  in 
good  agreement.  Model-predicted  waveforms  at  poles  9,  10,  and  15  (Figs.  6.3,  6.4,  and 
6.5,  respectively)  for  case  1  show  systematic  difference  of  the  order  of  1  kA  with  respect 
to  measured  waveforms  at  later  times.  Overall,  it  seems  that  the  system  allows  more 
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Figure  6.4:  Current  to  ground  at  pole  10  versus  time  displayed  on  a  100-/xs  scale,  for 
flash  9621. 
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Figure  6.5:  Current  to  ground  at  pole  15  versus  time  displayed  on  a  100-/is  scale,  for 
flash  9621. 


current  to  be  drained  to  ground  at  poles  1  and  9  than  at  poles  10  and  15.  We  assumed 
that  the  discrepancies  are  due  to  the  lack  of  knowledge  of  the  grounding  resistances 
at  the  time  of  this  experiment,  and  we  adjusted  these  resistances  so  that  the  model- 
predicted  and  measured  waveforms  match  better  {case  2).  Note  that  the  distribution 
of  currents  to  ground  is  mainly  determined  by  the  grounding  impedances,  and  it 
is  relatively  insensitive  to  variations  of  the  failed  arrester's  impedance  at  pole  10. 


81 

The  recomputed  currents  to  ground  for  case  3  are  presented  in  the  same  figures 
(Figures  6.2,  6.3,  6.4,  and  6.5).  For  this  last  case,  the  measured  and  calculated 
current  waveforms  show  better  agreement  than  cases  1  and  2. 
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Figure  6.6:  Voltage  across  the  arrester  at  pole  9  displayed  on  a  100-/is  scale,  for  flash 
9621. 
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Figure  6.7:  Voltage  across  the  arrester  at  pole  9  displayed  on  a  10-//S  scale,  for  flash 
9621. 


6.1.2     Voltages  Across  the  Arresters:  Case  3 

Measured  and  calculated  voltages  at  pole  9  are  shown  in  Figures  6.6  and  6.7. 
The  measured  voltage  waveform  at  pole  9  shows  an  initial  negative  spike  clamped  at 
95  kV  (saturation  level),  followed  by  damped  oscillations  superimposed  on  a  plateau 
that  decays  slowly  from  30  kV  to  17  kV  for  about  29 //s.  After  the  plateau,  the  voltage 
waveform  crosses  zero  sharply  and  shows  damped  oscillations  superimposed  on  a  small 
positive  overshot.  The  initial  spike  is  reproduced  when  the  calculated  voltage  across 
the  arrester  includes  the  contribution  from  magnetic  coupling  to  the  measuring  circuit. 
The  proportionality  constant  k  (see  Section  5.3,  page  66)  determines  the  magnitudes 
of  the  spike  and  the  damped  oscillations  that  follow.  Overall,  the  calculated  voltages 
with  magnetic  couphng  accounted  for  show  better  agreement  with  measurements  than 
voltages  computed  for  the  other  cases  considered  here. 

6.2      1999  Experiments 

In  this  section  we  present  general  information  on  the  1999  experiments,  and  we 
presented  the  complete  set  of  data  (presented  in  Appendix  H)  for  flash  UF-9916  (Sec- 
tion 6.2.6).  The  1999  experiments  are  described  in  detail  in  Mata  et  al.  [1999b]. 
There  were  a  total  of  17  rockets  fired  from  the  launch  tower  adjacent  to  the  FPL  hor- 
izontal distribution  hne  configuration  during  the  period  from  08/08/99  to  09/10/99. 
A  summary  of  launches  is  given  in  Table  6.1,  where  the  configuration  for  each  flash 
and  the  phase  being  struck  are  specified,  and  the  number  of  return  strokes  (RS)  for 
each  flash  was  obtained  from  magnetic  tape  records.  In  all  tests,  lightning  current 
was  injected  into  either  phase  conductors  B  or  C  of  the  horizontal  configuration.  The 
rocket  launches  resulted  in  triggering  7  lightning  fiashes,  each  with  two  or  more  return 
strokes.  Three  flashes  were  directed  to  phase  C  of  the  horizontal  configuration  (UF- 
9904,  UF-9911,  and  UF-9912),  and  four  flashes  were  directed  to  phase  B  (UF-9914, 
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Table  6.1:  Summary  of  launches  and  strikes  to  the  horizontal  framing  configuration 
distribution  line  during  the  months  of  August  and  September  of  1999.    , 


Date 

Time" 

Flash  ID 

Result 

Number 
ofRS 

Struck 
Phase 

Configuration 

08-08-99 

19:07 

UF-9901 

No  trigger 

FPL-A-99'' 

19:20 

UF-9902 

No  trigger 

08-16-99 

17:07 

UF-9903 

No  trigger 

FPL-A-99'' 

17:09 

UF-9904 

Trigger 

5 

C 

08-22-99 

16:11 

UF-9905 

No  trigger 

FPL-B-99^ 

20:07 

UF-9906 

No  trigger 

20:09 

UF-9907 

No  trigger 

08-24-99 

20:37 

UF-9908 

No  trigger 

FPL-B-99'= 

20:38 

UF-9909 

No  trigger 

20:50 

UF-9910 

No  trigger 

21:01 

UF-9911 

Trigger 

2 

C 

21:05 

UF-9912 

Trigger 

2 

C 

09-06-99 

19:03 

UF-9913 

No  trigger 

FPL-C-99'^ 

19:23 

UF-9914 

TYigger 

2 

B 

19:25 

UF-9915 

Trigger 

4 

B 

09-10-99 

19:25 

UF-9916 

Trigger 

7 

B 

FPL-D-99^ 

19:35 

UF-9917 

Trigger 

4 

B 

"■  EDT  (Eastern  Daylight  Saving  Time). 
*•  Section  C.1.1 
"  Section  C.1.2 
''  Section  C.1.3 
^  Section  C.1.4 


UF-9915,  UF-9916,  and  UF-9917). 

The  experience  gained  in  the  1999  experiments  was  a  major  factor  in  the  design 
of  the  2000  experiments.  It  is  believed  that  arrester  failures  occurred  less  frequently 
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in  1999  than  in  2000  due  to  a  number  of  factors  including  the  presence  in  1999  of  ter- 
minating impedances  (inductors  in  parallel  with  terminating  resistors)  in  some  of  the 
tests,  relatively  small  return  strokes,  arcing  between  conductors  (including  that  facil- 
itated by  the  presence  of  nylon  cords  between  the  line  conductors  and  residual  trig- 
gering wires),  and  terminating  resistor  and  voltage  divider  failures  (see  Section  6.2.7). 
A  brief  description  of  the  results  for  each  triggered  flash  is  given  next. 

6.2.1     Flash  UF-9904 

The  configuration  for  this  event  is  given  in  Section  C.1.1,  page  169.  The  elec- 
trical diagram  showing  voltage  and  current  measurement  locations  for  this  strike  is 
shown  in  Figure  C.l,  and  the  corresponding  instrumentation  settings  are  given  in  Ta- 
ble C.l.  Lightning  current  was  injected  in  phase  C.  The  433 Q  terminating  resistors 
(Section  C.1.1)  connected  between  phase  C  and  neutral  burned  at  both  ends  of  the 
line  during  the  initial  continuous  current  of  this  flash.  A  trailing  wire  left  by  UF- 
9903  (an  unsuccessful  trigger)  had  fallen  across  the  distribution  line,  and  apparently 
served  to  cause  arcing  from  phase  C  to  phase  B  (from  video,  there  appears  to  be 
an  arc  between  phases  B  and  C  for  every  return  stroke  of  the  flash) .  From  the  high 
resolution  picture  taken  from  IS3  it  is  observed  that  the  trailing  wire  illuminates,  but 
it  appears  to  be  far  from  the  point  where  the  arc  took  place,  presumably,  at  or  near 
the  location  of  the  nylon  cord  (See  Section  C.1.1).  Because  of  the  arcs,  a  relatively 
large  current  flowed  in  the  conductor  of  phase  B,  burning  (at  both  ends)  the  433  Q 
terminating  resistors  connected  between  phase  B  and  neutral  during  the  subsequent 
strokes. 
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6.2.2  Flash  UF-9911 

The  configuration  for  this  event  is  given  in  Section  C.1.2,  page  170,  the  electrical 
diagram  is  shown  in  Figure  C.2,  and  the  corresponding  settings  are  shown  in  Ta- 
ble C.2.  No  terminating  resistors  were  used,  so  that  the  line  was  open-circuited  at 
either  end.  Lightning  current  was  injected  into  phase  C.  For  this  particular  flash,  the 
recorders  triggered  on  the  initial  stage  current,  which  damaged  the  arrester  connected 
to  phase  C  at  pole  8.  The  total  lightning  current  and  the  measured  voltage  across  the 
arrester  on  phase  C  at  Pole  8  are  shown  in  Figure  6.8  on  a  1.25  s  time  scale.  This  flash 
is  of  particular  interest  because  of  the  positive  continuous  current  at  the  beginning 
of  the  incident  current  record  (Figure  6.8a).  Notice  that  the  arrester  failed  previous 
to  this  large  positive  continuous  current,  see  the  voltage  waveform  in  Figure  6.8b. 
The  collapse  of  the  discharge  voltage  across  the  arrester  in  Figure  6.8b  is  the  point 
at  which  the  arrester  fails,  at  about  10  ms. 

6.2.3  Flash  UF-9912  ^  -v^ 

The  electrical  diagram  for  this  strike  is  shown  in  Figure  C.2,  and  the  corresponding 
settings  are  shown  in  Table  C.2.  The  configuration  was  the  same  as  for  flash  UF-9911 
(Section  C.1.2,  page  170).  Lightning  current  was  injected  into  phase  C.  The  arrester 
connected  to  phase  C  at  pole  8  was  damaged  from  the  previous  strike  (UF-9911)  on 
the  same  day.  The  oscilloscopes  triggered  on  the  first  return  stroke.  No  additional 
damage  was  evident  on  the  hue.  The  failed  arrester  from  the  previous  strike  (UF- 
9911)  apparently  flashed  over  on  both  the  first  and  the  second  stroke,  allowing  the 
bulk  of  the  current  to  fiow  to  the  neutral,  and  from  there  to  ground.  Arcs  were 
observed  at  two  different  points  between  phase  C  and  phase  B  (probably  where  the 
nylon  cords  separate  these  phases). 


^.•r«Kir?S^^'^-. 
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6.2.4     Flash  UF-9914 

The  configuration  for  this  event  is  given  in  Section  C.1.3,  page  170.  The  electrical 
diagram  giving  voltage  and  current  measurement  locations  for  this  strike  is  shown  in 
Figure  C.3,  and  the  corresponding  instrumentation  settings  are  given  in  Table  C.3. 
For  this  flash  additional  measurements  were  made  of  the  voltage  between  phases, 
phase  to  neutral  voltages,  and  phase  currents  near  the  center  of  the  line  that  were 
not  made  for  the  previous  3  flashes.  Lightning  current  was  injected  into  phase  B. 
Additionally,  16  mH  inductors  were  placed  in  parallel  with  the  500  f2,  25  fcJ-rated 
terminating  resistors  on  the  line.  The  purpose  of  the  inductors  was  to  reduce  the 
magnitude  of  relatively  low  frequency  current  components  forced  through  the  two  line- 
end  arresters  that  on  an  actual  line  might  be  shared  by  other  arresters  and  diverted 
to  ground  by  system  transformers.  The  triggering  circuit  of  the  oscilloscopes  failed, 
and  only  tape  recorder  data  are  available.  Two  of  the  1.41  MV  rated  voltage  dividers 
placed  near  the  center  of  the  line  between  phases  were  damaged  by  the  first  stroke 
whose  current  was  near  8kA,  which  indicates  that  a  current  of  such  relatively  small 
magnitude  would  produce  a  voltage  at  the  middle  of  the  line  in  excess  of  1.5  MV.^  Arcs 
were  observed  on  the  line  between  phases  B  and  C,  close  to  the  injection  point.  The 
failure  of  the  1.41  MV  rated  voltage  dividers,  the  arcs  observed  on  the  line  between 
phases  B  and  C,  and  the  inductors  connected  in  parallel  with  the  terminating  resistors, 
may  have  drained  enough  current  from  the  phase  conductor  to  neutral,  so  that  the 
energy  withstand  of  the  arresters  was  not  exceeded  during  the  flash. 


'Since  only  tape  recorded  data  are  available  for  this  event,  we  cannot  estimate  with  certainty  the 
rise-time  of  any  of  the  two  retm-n  strokes  of  this  flash,  which  from  tape  recorded  data  appears  to  be 
of  the  order  of  2  fis  for  both  return  strokes. 
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6.2.5  Flash  UF-9915 

The  configuration  of  this  event  was  the  same  as  for  flash  UF-9914  (Section  C.1.3, 
page  170).  The  electrical  diagram  for  this  strike  is  shown  in  Figure  C.3,  and  the 
corresponding  settings  are  given  in  Table  C.3.  Since  the  triggering  circuit  was  not 
functioning  properly  on  the  day  this  flash  occurred,  only  tape  recorder  data  are  avail- 
able for  this  flash.  This  event  produced  a  flashover  at  the  middle  of  the  line  from 
phase  B  to  neutral,  although  the  wire  carrying  the  current  from  the  launcher  to  phase 
B  might  have  been  involved  in  the  flashover  since,  as  explained  in  Section  C.1.3,  there 
was  a  nylon  cord  connected  between  the  downlead  from  the  tower  and  the  neutral, 
and  an  examination  performed  on  this  nylon  cord  after  this  event  showed  burn  marks. 
For  the  first  return  stroke,  a  flash-over  is  seen  between  phase  B  and  phase  C  (probably 
at  the  location  of  the  nylon  cord).  For  the  second  return  stroke  an  arc  was  observed 
from  phase  C  to  phase  B.  From  still  pictures  we  see  arcs  on  the  clamp-on  current 
sensor  connected  to  phase  B.  There  was  also  a  flash-over  from  the  coaxial  cable  of 
this  sensor  to  the  neutral.  Also,  flashovers  across  the  voltage  divider  connected  from 
phase  B  to  neutral  and  possibly  from  phase  C  to  neutral  occurred.  As  in  the  previous 
event,  it  is  beheved  that  inductors  connected  in  parallel  with  terminating  resistors, 
and  arcs  may  have  drained  enough  current  from  phase  B  to  adjacent  phases  and/or 
neutral  so  that  the  energy  withstand  of  any  arrester  connected  to  this  phase  was  not 
exceeded  during  this  flash. 

6.2.6  Flash  UF-9916 

The  configuration  for  this  event  is  given  in  Section  C.1.4,  page  170.  Lightning 
current  was  injected  into  phase  B.  The  electrical  diagram  for  this  strike  is  shown 
in  Figure  C.4,  and  the  corresponding  settings  are  given  in  Table  C.4.  There  was 
no  visually  observed  flashover,  and  all  instruments  recorded  data  with  no  obvious 
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failures. 

The  total  lightning  current  and  the  measured  voltage  across  the  arrester  on  phase 
C  at  Pole  8  are  shown  in  Figure  6.9  on  a  1.25  s  time  scale.  This  flash  had  a  total  of 
seven  return  strokes.  The  current  that  corresponds  to  the  first  return  stroke  is  shown 
on  different  time  scales  in  Figure  H.l.  The  peak  current  was  about  -7kA,  having  a 
rise-time  of  about  2/xs.  Phase  currents  arriving  at  Pole  9  are  shown  in  Figures  H.2, 
H.3,  and  H.4  on  1ms,  200 /is,  and  50 //s  time  scales,  respectively.  Phase  currents 
arriving  at  Pole  8  are  shown  in  Figures  H.5,  H.6,  and  H.7  on  1  ms,  200 /xs,  and  50 /is 
time  scales,  respectively.  Phase  A  arrester  current  and  voltage  at  Pole  8  are  shown 
in  Figures  H.8,  H.9,  and  H.IO  on  1ms,  200 //s,  and  50 /xs  time  scales,  respectively. 
Phase  B  arrester  current  and  voltage  at  Pole  8  are  shown  in  Figures  H.U,  H.12,  and 
H.13  on  1ms,  200 //s,  and  50 /xs  time  scales,  respectively.  Phase  C  arrester  current 
and  voltage  at  Pole  8  are  shown  in  Figures  H.14,  H.15,  and  H.16  on  1ms,  200 /xs, 
and  50 /xs  time  scales,  respectively.  Phase  to  phase  voltage  at  pole  8  is  shown  in 
Figure  H.17  on  different  time  scales.  Phase  currents  at  Pole  7  (currents  through  the 
terminating  resistors)  are  shown  in  Figures  H.18,  H.19,  and  H.20  on  1  ms,  200 /<s,  and 
50 /xs  time  scales,  respectively.  Currents  to  ground  at  poles  7,  8,  11,  and  12  are  shown 
in  Figures  H.21,  H.22,  and  H.23,  on  1  ms,  200 /is,  and  50 /is  time  scales,  respectively. 

6.2.7     Summary  of  the  1999  Experiments 

Table  6.2  summarizes  damages  (if  any)  observed  during  the  1999  experiments.  We 
believe  that  arresters  did  not  fail  as  frequently  as  they  did  in  the  2000  experiments 
due  to  several  factors  including  the  presence  of  inductors  in  parallel  with  terminating 
resistors  in  some  of  the  1999  tests,  relatively  small  return  strokes,  arcing  between 
conductors  (including  that  facilitated  by  the  presence  of  nylon  cords  between  the 
line  conductors  and  residual  triggering  wires),  and  failures  of  terminating  resistors 
and  voltage  dividers.  Notice  from  Table  6.2  that  for  the  last  three  flashes  (UF-9914, 
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UF-9915,  and  UF-9916)  when  terminating  resistors  in  parallel  with  inductors  were 
installed  on  the  line,  no  arrester  failures  were  observed.  Notice  also  that  the  current 
flowed  from  the  struck  phase  to  neutral  (and  possibly  to  other  phases)  through  failed 
voltage  dividers  and  arcs  observed  in  video  records  at  various  points  in  the  line.  The 
last  flash  (UF-9916)  was  the  only  flash  for  which  terminating  resistors  in  parallel 
with  inductors  were  installed  on  the  line  and  no  arcs  or  voltage  divider  failures  were 
observed.  Yet,  the  arresters  managed  to  survive.  This  may  have  been  because  UF- 
9916,  although  a  seven-stroke  flash,  had  relatively  small  return  strokes  (see  Figure  6.9) 
and/or  enough  energy  was  drained  from  the  struck  phase  to  neutral  by  the  terminating 
resistors  in  parallel  with  the  inductors  so  that  the  energy  withstand  of  the  arresters 
connected  to  the  struck  phase  was  not  exceeded.  Notice  that  no  arresters  failed  on 
phases  adjacent  to  the  struck  phase.  Figure  H.24  shows  a  comparison  of  the  sum  of 
currents  to  ground  and  the  total  Ughtning  current.  Note  that  the  sum  of  currents  to 
ground  is  larger  than  the  incident  current.  This  might  be  due  to  the  fact  that  in  1999 
no  end-to-end  calibration  factors  were  experimentally  obtained  for  current  sensors, 
whereas  for  the  2000  experiments,  end-to-end  calibration  factors  were  obtained.  The 
comparison  of  computed  difference  between  measured  voltages  (Vbjvs  and  Vans)  and 
measured  voltage  [Vbas]  is  shown  in  Figure  H.25,  and  their  difference  was  attributed 
to  the  nonlinear  behavior  of  the  resistors  used  on  the  voltage  dividers  in  the  1999 
experiments  when  exposed  to  high  voltages. 

6.3     2000  Experiments 

During  the  experiments  conducted  at  the  ICLRT  in  2000,  the  distribution  line 
having  a  horizontal  configuration  was  struck  a  total  of  eight  times  during  the  period 
July  11  to  August  6  resulting  in  a  total  of  thirty-four  return  strokes,  and  the  distri- 
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Table  6.2:  Summary  of  the  1999  experiments. 


Flash  ID         Section 


UF-9904 


UF-9911 


UF-9912 


UF-9914 


UF-9915 


UF-9916 


6.2.1 


6.2.2 


6.2.3 


6.2.4 


6.2.5 


6.2.6 


Observations 


Terminating  resistors  connected  between 
phase  C  and  neutral,  and  phase  B  and 
neutral  failed.  No  arresters  were  damaged. 


No  terminating  resistors  on  the  line.  Phase 
C  arrester  at  pole  8  was  damaged  during 
the  initial  stage  current. 


No  terminating  resistors  on  the  line.  Phase 
C  arrester  at  pole  8  was  damaged  during 
previous  flash. 


Terminating  resistors  in  parallel  with 
inductors  were  installed  on  the  line.  Voltage 
dividers  connected  between  phase  B  and 
neutral,  and  between  phase  C  and  neutral 
failed  at  the  middle  of  the  line.  No  arresters 
were  damaged. 


Terminating  resistors  in  parallel  with 
inductors  were  installed  on  the  hne.  The 
voltage  divider  connected  between  phase  B 
and  neutral  failed  at  the  middle  of  the  line. 
Arcs  were  observed  at  various  points  on  the 
line.  No  arresters  were  damaged. 
Terminating  resistors  in  parallel  with 
inductors  were  installed  on  the  hne.  No 
arresters  were  damaged. 


bution  line  having  a  vertical  configuration  was  struck  twice  on  August  25^  Table  6.3 
contains  a  summary  of  launches  and  strikes  for  the  month  of  July,  and  Table  6.4  gives 
a  summary  of  launches  and  strikes  for  the  month  of  August.  Table  6.5  shows  the 
parameters  of  all  recorded  strokes  triggered  during  summer  2000.  Note  that  these 
parameters  were  calculated  by  filtering  the  raw  data  with  a  two-point  averaging  anti- 
causal  zero-phase  filter  (MATLAB  1996).  Further  analysis  of  the  data  should  confirm 
the  return  stroke  parameters  given  in  Table  6.5.  Two  levels  of  saturation  of  acquired 

^The  triggering  circuit  failed,  but  data  for  this  flash  might  still  be  available  on  magnetic  tape. 
The  tape  recorder  is  in  need  of  repair  before  this  determination  can  be  made. 
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Table  6.3:  Summary  of  launches  and  strikes  to  the  horizontal  framing  configuration 
distribution  line  during  July  of  2000. 


Date 

Time" 

Flash  ID 

Result 

Number 
of  RS 

Struck 
Phase 

Configuration 
(Subsection) 

07-11-00 

20:49 

FPLOOOl 

No  Trigger 

FPL-A-00 

20:56 

FPL0002 

No  Trigger 

20:58 

FPL0003 

No  Trigger 

21:07 

FPL0004 

No  Trigger 

07-12-00 

12:41 

FPL0005 

No  Trigger 

FPL-A-00 

13:17 

FPL0006 

No  Trigger 

07-16-00 

12:15 

FPL0007 

No  Trigger 

FPL-A-00 

12:18 

FPL0008 

No  Trigger 

12:20 

FPL0009 

No  Trigger 

12:21 

FPLOOIO 

No  Trigger 

12:22 

FPLOOll 

Trigger 

>5 

C 

(6.3.1) 

12:23 

FPL0012 

No  Trigger 

12:24 

FPL0013 

No  Trigger 

12:24 

FPL0014 

Trigger 

3 

C 

(6.3.2) 

12:32 

FPL0015 

No  Trigger 

7-20-00 

18:32 

FPL0016 

No  Trigger 

FPL-A-00 

18:35 

FPL0017 

No  Trigger 

19:04 

FPL0018 

Trigger 

>6 

C 

(6.3.3) 

07-25-00 

19:04 

FPL0019 

No  Trigger 

FPL-A-00 

19:10 

FPL0020 

No  Trigger 

07-28-00 

18:06 

FPL0021 

No  Trigger 

FPL-A-00 

18:08 

FPL0022 

No  Trigger 

FPL-A-00 

18:09 

FPL0023 

No  Trigger 

18:10 

FPL0024 

No  Trigger 

FPL-A-00 

18:14 

FPL0025 

Wireburn 

FPL-A-00 

°  EDT  (Eastern  Daylight  Saving  Time). 

Trigger:  lightning  flash  containing  return  strokes 

Wireburn:  lightning  flash  composed  of  the  initial  stage  only  (no  return  strokes) 
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Table  6.4:  Summary  of  launches  and  strikes  to  the  horizontal  and  vertical  framing 
configuration  distribution  line  during  August  of  2000. 


Date 

Time" 

Flash  ID 

Result 

Number 
ofRS 

Struck 
Phase 

Configuration 
(Subsection) 

08-01-00 

19:40 

FPL0026 

No  Trigger 

FPL-A-00 

19:54 

FPL0027 

No  Trigger 

20:13 

FPL0028 

No  Trigger 

20:14 

FPL0029 

No  Trigger 

08-02-00 

17:22 

FPL0030 

No  Trigger 

FPL-A-00 

17:35 

FPL0031 

No  Trigger 

17:47 

FPL0032 

Trigger 

>7 

C 

(6.3.4) 

17:54 

FPL0033 

Trigger 

1 

C 

(6.3.5) 

17:57 

FPL0034 

Trigger 

>5 

C 

(6.3.6) 

08-03-00 

16:11 

FPL0035 

Wireburn 

FPL-A-00 

16:12 

FPL0036 

Trigger 

>8 

c 

(6.3.7) 

08-06-00 

17:48 

FPL0037 

Trigger 

2 

c 

FPL-B-00 
(6.3.3) 

08-25-00 

18:10 

FPL0038 

No  Trigger 

FPL-C-00 

18:16 

FPL0039 

Trigger 

? 

A 

18:21 

FPL0040 

Wireburn 

°  EDT  (Eastern  Daylight  Saving  Time) 

Trigger:  lightning  flash  containing  return  strokes 

Wireburn:  lightning  flash  composed  of  the  initial  stage  only  (no  return  strokes) 
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data  are  defined: 

1.  Severe  saturation:  when  either  the  oscilloscope  saturated  or  140  %  of  the  ISOBE 
range  was  exceeded.  The  oscilloscopes  saturation  is  represented  by  a  dashed  line 
in  the  data  plots. 

2.  Slight  saturation:  when  the  scope  did  not  saturate  and  the  waveform  peak  value 
is  greater  than  100  %  but  less  than  140  %  of  the  ISOBE  range.  The  100  %  ISOBE 
range  is  represented  by  a  dotted  line  in  the  data  plots. 

There  were  three  unusually  large  return  strokes:  stroke  4  of  FPLOOll  (severely 
saturated),  the  single  return  stroke  of  FPL0033,  and  the  first  return  stroke  of  FPL0037 
(these  last  two  slightly  saturated).  Also,  calculated  transferred  charges  for  some  of 
the  strokes  were  unusually  large  (see  Table  6.5). 

In  this  section,  we  present  properties  of  current  waveforms  for  typical  flashes, 
taken  from  the  time  and  frequency  domain  tables  presented  in  Appendix  I,  and  mea- 
sured waveforms  compared  to  model  predictions  for  the  first  stroke  of  flash  FPL0036 
(Section  6.3.8).  The  time  domain  tables  contain  information  about  the  peak  current 
and  charge  transferred  (calculated  from  current  waveforms)  in  three  different  time 
windows  (100 //s,  500 /is,  and  1ms).  The  frequency  domain  tables  show  the  power 
spectrum  density  (PSD)  of  each  current  measurement  integrated  over  a  frequency 
band  (a  measure  of  the  power  of  the  signal  in  that  frequency  band)  in  percent  with 
respect  to  the  PSD  integrated  over  the  bandwidth  of  the  measurement  according  to 

■     ■  p.^ff  ,  !lS,M±,,,  ^  rXjk)  X  ^-W^/,oQ  [^.]  (6.1) 

^^        Cs^Mdf  Cxik)xX*{k)df  ^      ' 

where  Fs  is  the  sampling  frequency.  A/  is  the  frequency  band,  x{n)  is  a  sequence 

(measured  waveform)  of  the  form  of  (6.2),  X{k)  is  the  discrete  Fourier  transform 

(DFT)  of  x{n),  and  S^xik)  is  an  estimate  (Cartinhour  1998)  of  the  power  spectrum 
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Table  6.5:  Parameters  of  strokes  triggered  at  ICLRT  during  summer  2000  (a  time 
window  of  1  ms  was  used  to  calculate  the  charge). 


Flash  ID 

RS 

Peak  [kA] 

10-90% 
Rise  Time 

[/is] 

50%-decay 
time  [/is] 

majc{di/dt) 
[kA//is] 

Charge  [C] 

FPLOOll 

1 

17.22 

0.68 

84.64 

228.23 

2.88 

2 

>27.71 

- 

- 

- 

>6.24 

3 

19.51 

1.00 

13.04 

81.45 

3.02 

4 

>31.93 

- 

- 

- 

>5.76 

5 

12.68 

0.24 

7.92 

88.61 

0.88 

FPL0014 

1 

11.11 

1.00 

17.12 

22.38 

0.79 

2 

25.14 

0.56 

25.92 

59.97 

2.17 

3 

13.29 

1.04 

7.76 

36.70 

0.70 

FPL0018 

1 

13.47 

1.00 

7.92 

44.75 

0.96 

2 

8.74 

0.92 

14.60 

26.85 

0.34 

3 

7.45 

1.04 

7.32 

37.59 

0.51 

4 

9.92 

0.36 

6.76 

40.28 

0.72 

5 

7.09 

0.36 

7.08 

35.80 

0.64 

6 

12.39 

0.32 

6.64 

61.76 

0.98 

FPL0032 

1 

11.06 

- 

21.92 

148.22 

0.46 

2 

11.56 

- 

20.12 

82.15 

1.03 

3 

8.35 

0.76 

12.88 

28.57 

0.34 

4 

18.85 

0.84 

18.08 

66.07 

1.91 

5 

17.21 

0.60 

13.68 

55.36 

1.43 

6 

9.78 

- 

16.72 

46.43 

0.46 

7 

9.21 

0.64 

18.96 

44.64 

0.50 

FPL0033 

1 

56.45 

0.36 

50.44 

439.30 

10.16 

FPL0034 

1 

29.03 

1.04 

38.04 

82.15 

3.47 

2 

19.67 

1.08 

25.00 

57.14 

1.36 

3 

19.32 

1.08 

24.84 

51.79 

1.34 

4 

19.32 

1.08 

12.76 

80.36 

1.41 

5 

27.60 

1.24 

12.84 

80.36 

3.07 

FPL0036 

1 

27.15 

1.28 

56.84 

128.58 

3.71 

2 

27.58 

0.36 

35.92 

108.93 

3.95 

3 

24.94 

1.04 

41.04 

83.93 

2.64 

4 

7.73 

1.08 

17.92 

16.07 

0.42 

5 

9.08 

1.12 

18.12 

32.14 

0.53 

FPL0037 

1 

48.08 

1.24 

27.48 

139.29 

11.07 

2 

21.01 

1.20 

11.64 

112.50 

1.76 

Mean 

18.16  (32) 

0.85  (29) 

21.94  (32) 

82.76  (32) 

2.05  (32) 

Geo.  Mean 

15.64  (32) 

0.77  (29) 

17.51  (32) 

63.79  (32) 

1.29  (32) 

Numbers  in  parentheses  are  sample  sizes.  Note  that  saturated  waveforms  were  not  used  in 
computing  mean  or  geometric  mean  values. 
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density  function  Sxx{k): 


x{n)  =  < 


possible  nonzero  values,     n  =  0, 1, . . . ,  TV  —  1 
0,     otherwise 


(6.2) 


N-l 


X(A;)  =  ^x(n)e-^i^'=",  A;  =  0,l,...,iV-l  (6.3) 

n=0 

Also,  incident  current,  currents  to  ground,  neutral  currents,  and  phase  C  arresters 
and  phase  currents  for  each  stroke  of  all  flashes  (except  for  stroke  1  of  flash  FPL0036 
which  is  presented  in  Figure  6.18,  page  112)  are  presented  in  Appendix  H  on  a  100- 
fxs.  Note  that  saturation  levels  (tabulated  in  Appendix  I)  are  not  shown  in  these 
figures.  Additionally,  3-D  bar  plots,  showing  the  charge  transferred  to  ground  at 
diff^erent  points  on  the  line,  are  presented  for  the  flashes  when  no  triggering  wires 
(from  previous  launches)  were  laying  over  the  distribution  lines.  The  contents  of 
these  tables  and  the  3-D  plots  are  explained  below.  We  define  the  ground  charge 
transfer  matrix  which  is  created  as  follows. 

First,  we  define  a  row  matrix  tw  that  contains  the  three  different  integration  upper 
limits  used  to  calculate  the  charge: 

*'"^ixm  =  [lOO^s,  500^5,  1ms]  (6.5) 

The  components  of  the  ground  charge  transfer  matrix  are  given  by  (6.6): 

GC{k,  l)  =  y  Z  in   fn       X  100  (6.6) 


m 

where  k  is  the  stroke  order,  /  indicates  the  element  of  the  row  matrix  tw  (6.5),  j  takes 
the  values  of  1,  2,  5,  8,  11,  14,  17,  and  18,  /f  ^  is  the  measured  incident  current^  of 
stroke  k,  and  PqJ  is  the  measured  current  to  ground  at  pole  j  of  stroke  k.  The  ground 
charge  transfer  matrix  is  then  given  by  (6.7): 


GCxX  =  [GC{k,l)]nxm  = 


^GC{1,1)    ...    GC(l,m)^ 


^GC{n,l)    ...    GC{n,m)^ 


(6.7) 


where  XX  are  the  last  two  digits  of  the  flash  ID,  and  n  is  the  maximum  number  of 
strokes  for  which  data  are  available.  Ideally,  all  elements  of  (6.7)  should  be  equal 
to  100%.  Values  smaller  than  100%  might  result  from  saturated  current  waveforms, 
calibration  errors  (overestimation  of  the  incident  current  and/or  underestimation  of 
currents  to  ground),  significant  capacitive  and  resistive  leakage  currents,  and/or  mea- 
surements resolution. 

6.3.1     Flash  FPLOOll 

The  configuration  for  this  event  is  given  in  Section  C.2.1,  page  171.  The  electrical 
diagram  showing  voltage  and  current  measurement  locations  for  this  strike  is  shown  in 
Figure  C.6.  The  instrumentation  summary  is  given  in  Table  C.5,  and  instrumentation 
settings  in  Table  C.6. 

Data  for  flash  FPLOOll  are  presented  in  Mata  et  al.  [2000b]  which  is  divided  into 
six  sections.  Section  1  presents  plots  for  all  data  available  for  this  flash.  As  stated 
above,  whenever  present  in  the  plots,  dashed  lines  represent  the  saturation  level  of  the 
digital  oscilloscopes,  and  dotted  lines  represent  100%  of  the  ISOBE  range.  Strokes  1, 
2,  3,  4,  and  5  are  presented  in  Sections  2,  3,  4,  5,  and  6,  respectively.  Each  section  is 

^Note  that  the  incident  current  used  to  perform  the  calculations  was  I  Mi,  except  for  those  strokes 
when  this  measurement  was  saturated  or  was  not  available,  in  which  case  li  was  used. 


V^.>.!.:«r.-;wi::i-- 
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divided  into  subsections  which  contain  plots  of  the  waveforms  on  different  time  scales. 
The  structure  of  Mata  et  al.  [2000b]  is  outlined  in  Table  6.6. 

Phase  C  arrester  at  pole  8  failed  presumably  during  the  second  return  stroke  of 
this  flash.  Several  trailing  wires  were  laying  over  the  two  distribution  lines  at  the 
time  this  flash  occurred.  Arcs  are  observed  in  video  records  at  different  points  on  the 
line. 

IcN2  and  /b5  waveforms  were  lost  (oscilloscope  failure  and  ISOBE  failure,  respec- 
tively) and  IcNw  and  Vcb?,  are  not  reliable  (coaxial  connector  problems). 

Peak  values  and  calculated  charges  of  all  measured  current  waveforms  available 
for  this  flash  are  given  in  Tables  1. 1-1.5  for  strokes  1-5.  r-. 


Table  6.6:  Section  numbers  of  Mata  et  al.  [2000b]  containing  waveforms  displayed  on 
different  time  scales  for  Flash  FPLOOll. 


Return  Stroke 
Number 

Section  numbers  for  different  time  windows 

10  ms 

1  ms 

100 /is 

lO/Lis 

1 

2.1 

2.2 

2.3 

2.4 

2 

3.1 

3.2 

3.3 

3.4 

3 

4.1 

4.2 

4.3 

4.4 

4 

5.1 

5.2 

5.3 

5.4 

5 

6.1 

6.2 

6.3 

6.4 

6.3.2     Flash  FPL0014 


The  configuration  for  this  event  is  given  in  Section  C.2.1,  page  171.  The  electrical 
diagram  showing  voltage  and  current  measurement  locations  for  this  strike  is  shown  in 
Figure  C.6.  The  instrumentation  summary  is  given  in  Table  C.5,  and  instrumentation 
settings  in  Table  C.6. 

Data  for  flash  FPL0014  are  presented  in  Mata  et  al.  [2000c],  which  is  divided  into 
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four  sections.  Section  1  presents  plots  for  all  data  available  for  this  flash.  Whenever 
present  in  the  plots,  dashed  lines  represent  the  saturation  level  of  the  digital  oscillo- 
scopes, and  dotted  lines  represent  100%  of  the  ISOBE  range.  Strokes  1,  2,  and  3  are 
presented  in  Sections  2,  3,  and  4,  respectively.  Each  section  is  divided  into  subsections 
which  contain  plots  of  the  waveforms  on  different  time  scales.  The  structure  of  Mata 
et  al.  [2000c]  is  outlined  in  Table  6.7. 


Pole  Number 


Figure  6.10:  Measured  peak  current  to  ground  for  strokes  1  and  3  (in  ascending  order 
from  left  to  right)  of  flash  FPL0014  (See  Tables  1.6  and  1. 10).  Lightning  strike  point 
is  between  poles  9  and  10. 


The  previous  flash  (FPLOOU)  burned  all  trailing  wires  from  previous  launches. 
Phase  C  arrester  at  pole  8  had  previously  failed  (on  flash  FPLOOU,  and  it  had  not  been 
replaced  when  flash  FPL0014  occurred)  and  flashovers  across  the  damaged  arrester 
were  observed  on  video  records.  Also,  a  three-phase  and  a  two-phase  flashovers  were 
observed  in  video  records  close  to  the  strike  point,  separated  by  several  meters.  From 
phase  currents  1 39  and  /^g,  and  arrester  current  Ibns  records,  we  infer  the  occurrence 
of:  i)  a  phase  C  to  phase  B  flashover  for  strokes  1,  2,  and  possibly  3;  ii)  a  presumably 
phase  B  to  phase  A  flashover  for  stroke  2;  and  iii)  a  phase  C  to  phase  B  flashover 
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at  some  point  between  pole  9  and  8  for  stroke  3  of  this  flash.  For  this  stroke,  the 
phase  B  arrester  current  at  pole  8  Ibn%  is  unusually  large  and  unipolar,  while  phase  B 
currents  at  pole  9  /sg  is  relatively  small,  making  us  believe  that  the  flashover  occurred 
somewhere  between  where  phase  current  measurement  instruments  were  installed  at 
pole  9  and  pole  8  (most  likely  this  occurred  at  pole  8,  since  burn  marks  were  found 
on  coaxial  connectors  installed  at  the  phase  B  arrester  at  pole  8). 

Measurements  Vcb%  and  Icnw  are  not  reliable  due  to  coaxial  connectors  problems. 
Also,  measurement  /^s  was  lost  due  to  an  ISOBE  failure.  Measurements  I  mi,  Ian&i 
and  Vans  are  not  available  for  the  second  stroke  of  this  flash  due  to  an  oscilloscope 
malfunction.  Also,  due  to  a  failure  on  the  Honeywell  tape  recorder  (Section  3.3.3.8) 
data  are  not  available  on  magnetic  tape.   Peak  values  and  calculated  charges  of  all 


Table  6.7:  Section  numbers  of  Mata  et  al.  [2000c]  containing  waveforms  displayed  on 
different  time  scales  for  Flash  FPL0014. 


Return  Stroke 
Number 

Section  numbers  for  diflPerent  time  windows 

10  ms 

1  ms 

100 /is 

10 /is 

1 

2.1 

2.2 

2.3 

2.4 

2 

3.1 

3.2 

3.3 

3.4 

3 

4.1 

4.2 

4.3 

4.4 

measured  current  waveforms  available  for  this  flash  are  tabulated  in  Tables  1.6,  1.8, 
and  I.IO  for  strokes  1,  2,  and  3  respectively.  Figure  6.10  shows  peak  values  of  currents 
to  ground  for  strokes  1  and  3  (peak  values  for  stroke  2  are  not  presented  due  to  severe 
saturation  on  laii,  see  Table  1.8).  Note  that  current  to  ground  peaks  are  larger  close 
to  the  strike  point  (at  the  middle  of  the  line)  and  relatively  smaller  at  distant  poles. 
Charges  transferred  to  ground  (as  a  percentage  of  the  total  stroke  charge)  are  shown 
in  Figures  6.11,  6.12,  and  6.13,  for  strokes  1,  2,  and  3  respectively.  Note  that  distant 
poles  (1,  2,  17,  and  18)  seem  to  transfer  a  larger  percentage  of  the  total  charge  for 


larger  time  windows  (this  effect  is  more  pronounced  at  poles  17  and  18).  Also,  from 
(6.8)  we  see  that  20  %  of  the  charge  seems  to  be  lost  for  all  three  time  windows. 

Also,  the  power  spectrum  density  integrated  over  four  different  frequency  bands 
for  each  current  measurement  are  presented  in  Tables  1.7,  1.9,  and  1.11  for  strokes 
1,  2,  and  3  respectively.  The  ground  charge  transfer  matrix  for  three-stroke  flash 
FPL0014  is  given  by  6.8:  z'' 


GC 


u 


'81    81    82^ 


77    77    78 


y75    76    77y 


%  (6.8) 


6.3.3     Flash  FPL0018 
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The  configuration  for  this  event  is  given  in  Section  C.2.1,  page  171.  The  electrical 
diagram  showing  voltage  and  current  measurement  locations  for  this  strike  is  shown  in 
Figure  C.6.  The  instrumentation  summary  is  given  in  Table  C.7,  and  instrumentation 
settings  in  Table  C.8.  Data  for  flash  FPL0018  are  presented  in  Mata  et  al.  [2000d] 
which  is  divided  into  seven  sections.  Section  1  presents  plots  for  all  data  available 
for  this  flash.  Strokes  1,  2,  3,  4,  5,  and  6  are  presented  in  Sections  2,  3,  4,  5,  6,  and 
7,  respectively.  Each  section  is  divided  into  subsections  which  contain  plots  of  the 
waveforms  on  different  time  scales.  The  structure  of  Mata  et  al.  [2000d]  is  outUned 
in  Table  6.8.  •  '      : > 

Phase  C  arrester  at  pole  8  burned  presumably  during  the  ICC  of  this  flash.  A  total 
of  six  return  strokes  were  recorded  in  the  five  segments  of  the  oscilloscopes  (two  of 
them  being  in  the  first  segment).  The  conditions  to  trigger  arrived  late  in  the  storm 
when  the  digital  video  cameras  were  out  of  tape.  Therefore,  for  this  flash,  only  video 
records  of  SVHF  and  Hi  8  cameras  are  available,  in  which  no  relevant  information  is 
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1  ms 
500 /zs 
100 /is 
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14  11 
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Figure  6.11:  Percentage  of  total  charge  transferred  to  ground  at  different  poles,  calcu- 
lated at  three  different  instants  of  time  (100 /US,  500 /iS,  and  1  ms  from  the  beginning 
of  the  return  stroke),  for  stroke  1  of  flash  FPL0014  (See  Table  1.6).  Lightning  strike 
point  is  between  poles  9  and  10. 


1  ms 
500 /zs 
100 /xs 


18     17 


14  11 
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Figure  6.12:  Percentage  of  total  charge  transferred  to  ground  at  different  poles,  calcu- 
lated at  three  different  instants  of  time  (100 //s,  500 /is,  and  1  ms  from  the  beginning 
of  the  return  stroke),  for  stroke  2  of  flash  FPL0014  (See  Table  1.8).  Lightning  strike 
point  is  between  poles  9  and  10. 
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Figure  6.13:  Percentage  of  total  charge  transferred  to  ground  at  different  poles,  calcu- 
lated at  three  different  instants  of  time  (100 /is,  500 //s,  and  1  ms  from  the  beginning 
of  the  return  stroke),  for  stroke  3  of  flash  FPL0014  (See  Table  1. 10).  Lightning  strike 
point  is  between  poles  9  and  10. 
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Figure  6.14:  Measured  peak  current  to  ground  for  strokes  1  through  6  (in  ascending 
order  from  left  to  right)  of  flash  FPL0018  (See  Tables  1.12,  1.14,  1.16,  1.18,  1.20,  and 
1.22).  Lightning  strike  point  is  between  poles  9  and  10. 
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Table  6.8:  Section  numbers  of  Mata  et  al.  [2000d]  containing  waveforms  displayed  on 
different  time  scales  for  Flash  FPL0018. 


Return  Stroke 
Number 

Section  numbers  for  different  time  windows 

10  ms 

1  ms 

100 /is 

10 /is 

1 

2.1 

2.2 

2.3 

2.4 

2 

3.1 

3.2 

3.3 

3 

4.1 

4.2 

4.3 

4.4 

4 

5.1 

5.2 

5.3 

5.4 

5 

6.1 

6.2 

6.3 

6.4 

6 

7.1 

7.2 

7.3 

7.4 

observed.  The  arrester  current  Ibns  and  an  unusually  long  duration  phase  current 
/b9  suggest  the  presence  of  a  flashover  from  phase  C  to  phase  B  somewhere  between 
poles  8  and  11  for  strokes  1,  2,  and  possibly  3  of  this  flash.  After  stroke  3,  no  more 
evidence  of  flashover  is  observed  in  measured  currents  for  strokes  4,  5,  or  6.  Note 
that  stroke  peaks  were  relatively  small  compared  to  other  flashes. 

Measurement  Ib5  was  lost  due  to  an  ISOBE  malfunction,  and  Vcbs  is  not  reliable 
due  to  a  coaxial  cable  problem.  Also,  due  to  a  failure  of  the  Honeywell  tape  recorder 
(Section  3.3.3.8)  magnetic  tape  data  are  not  available. 

Peak  values  and  calculated  charges  of  all  measured  current  waveforms  available 
for  this  flash  are  given  in  Tables  1. 12-1. 22  for  strokes  1-6.  Figure  6.14  shows  peak 
values  of  currents  to  ground  for  strokes  1  through  6.  Note  that  current  to  ground 
peaks  are  larger  close  to  the  strike  point  (in  the  middle  of  the  line)  and  relatively 
small  at  distant  poles.  Charges  transferred  to  ground  (as  a  percentage  of  the  total 
stroke  charge)  are  shown  in  Figures  1.1-1.6,  for  strokes  1-6.  Note  that  distant  poles 
(1,  2,  17,  and  18)  seem  to  transfer  a  larger  percentage  of  the  total  charge  for  larger 
time  windows  (this  effect  is  more  pronounced  at  poles  17  and  18). 
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The  ground  charge  transfer  matrix  of  this  flash  is  given  by  6.9: 


'76    78    79^ 


75  78  80 

75  78  79 

76  78  81 
75  78  80 
74  77  79 


GC/«  — 


% 


(6.9) 


Note  from  (6.9)  that  about  25  %  of  the  charge  is  lost  in  the  100  yus  time  window  for 
aJl  strokes,  and  about  20%  of  the  charge  is  lost  in  the  1  ms  window. 

The  power  spectrum  density  values  integrated  over  four  different  frequency  bands 
for  each  current  measurement  are  presented  in  Tables  1. 13-1.23,  for  strokes  1  through  6. 

6.3.4     Flash  FPL0032  " 


The  configuration  for  this  event  is  given  in  Section  C.2.1,  page  171.  The  electrical 
diagram  showing  voltage  and  current  measurement  locations  for  this  strike  is  shown  in 
Figure  C.6.  The  instrumentation  summary  is  given  in  Table  C.9,  and  instrumentation 
settings  in  Table  C.IO. 

Data  for  flash  FPL0032  are  presented  in  Mata  et  al.  [2000e]  which  is  divided  into 
eight  sections.  Section  1  presents  plots  for  all  data  available  for  this  flash.  Strokes  1, 
2,  3,  4,  5,  6,  and  7  are  presented  in  Sections  2,  3,  4,  5,  6,  7,  and  8  respectively.  Each 
section  is  divided  into  subsections  which  contain  plots  of  the  waveforms  on  different 
time  scales.  The  structure  of  Mata  et  al.  [2000e]  is  outhned  in  Table  6.9.     '     .    ' \- 

There  was  a  triggering  wire  from  an  earlier  launch  going  over  the  line  and  also 
over  the  overhead  protective  mesh  on  Launch  Control  when  we  triggered  this  flash. 

Peak  values  and  calculated  charges  of  all  measured  current  waveforms  available 


107 


Table  6.9:  Section  numbers  of  Mata  et  al.  [2000e]  containing  waveforms  displayed  on 
different  time  scales  for  Flash  FPL0032. 


Return  Stroke 
Number 

Section  numbers  for  different  time  windows 

10  ms 

1ms 

100 //s 

10  ^s 

1 

2.1 

2.2 

2.3 

2.4 

2 

3.1 

3.2 

3.3 

3.4 

3 

4.1 

4.2 

4.3 

4 

5.1 

5.2 

5.3 

5.4 

5 

6.1 

6.2 

6.3 

6.4 

6 

7.1 

7.2 

7.3 

7.4 

7 

8.1 

8.2 

8.3 

for  this  flash  are  given  in  Tables  1. 24-1. 30  for  strokes  1  through  7.  Measurement  In 
was  lost  due  to  a  coaxial  cable  problem. 

6.3.5     Flash  FPL0033 


The  configuration  for  this  event  is  given  in  Section  C.2.1,  page  171.  The  electrical 
diagram  showing  voltage  and  current  measurement  locations  for  this  strike  is  shown  in 
Figure  C.6.  The  instrumentation  summary  is  given  in  Table  C.9,  and  instrumentation 
settings  in  Table  CIO.  "-  ' 

Data  for  flash  FPL0033  are  presented  in  Mata  et  al.  [2000f]  which  is  divided  into 
two  sections.  Section  1  presents  plots  for  all  data  available  for  this  flash.  Stroke  1  is 
presented  in  Section  2.  This  section  is  divided  into  subsections  which  contain  plots  of 
the  waveforms  on  different  time  scales.  The  structure  of  Mata  et  al.  [2000f]  is  outlined 
in  Table  6.10. 

Peak  values  and  calculated  charges  of  all  measured  current  waveforms  available 
for  this  flash  are  given  in  Table  1.31. 

This  was  an  unusually  large  single  return  stroke  (56  kA)  flash,  for  which  arresters 
on  the  line  did  not  fail.  Most  of  the  measurements  were  saturated  on  this  event,  but 


108 


Table  6.10:  Section  numbers  of  Mata  et  al.  [2000f]  containing  waveforms  displayed  on 
different  time  scales  for  Flash  FPL0033. 


Return  Stroke 
Number 

Section  numbers  for  different  time  windows 

10  ms              1ms             100 /iS             10  fis 

1                        1                   2.1                 2.2                 2.3 

still,  useful  information  can  be  extracted  from  the  data.  From  video  records,  a  phase 
C  to  phase  B  flashover  is  observed  at  the  strike  point.  The  phase  current  1 39  and  the 
arrester  current  Ibns  indicate  the  occurrence  of  a  flashover  from  phase  C  to  phase  B 
(most  likely  the  one  observed  in  video  records).  Probably,  this  flashover  is  the  reason 
why  arresters  did  not  fail  on  this  flash.  From  current  and  voltage  waveforms,  we 
calculate  the  values  of  energy  dissipated  by  phase  C  arresters  at  poles  8  and  11  to  be 
approximately  67  kJ  and  58  kJ,  respectively. 

Measurement  In  was  lost  due  to  a  coaxial  cable  problem. 

6.3.6     Flash  FPL0034 


The  configuration  for  this  event  is  given  in  Section  C.2.1,  page  171.  The  electrical 
diagram  showing  voltage  and  current  measurement  locations  for  this  strike  is  shown  in 
Figure  C.6.  The  instrumentation  summary  is  given  in  Table  C.9,  and  instrumentation 
settings  in  Table  C.IO. 

Data  for  flash  FPL0034  are  presented  in  Mata  et  al.  [2000g]  which  is  divided  into 
six  sections.  Section  1  presents  plots  for  all  data  available  for  this  flash.  Strokes  1, 
2,  3,  4,  and  5  are  presented  in  Sections  2,  3,  4,  5,  and  6,  respectively.  Each  section  is 
divided  into  subsections  which  contain  plots  of  the  waveforms  on  different  time  scales. 
The  structure  of  Mata  et  al.  [2000g]  is  outlined  in  Table  6.11. 

Phase  C  arrester  at  pole  8  burned  presumably  before  stroke  1  of  this  flash  (may 
be  at  the  end  of  the  ICC,  as  observed  from  video  records).    Arrester  current  Ibns 
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Table  6.11:  Section  numbers  of  Mata  et  al.  [2000g]  containing  waveforms  displayed 
on  different  time  scales  for  Flash  FPL0034. 


Return  Stroke 
Number 

Section  numbers  for  different  time  windows 

10  ms 

1ms 

100 /is 

10 /is 

1 

2.1 

2.2 

2.3 

2.4 

2 

3.1 

3.2 

3.3 

3.4 

3 

4.1 

4.2 

4.3 

4.4 

4 

5.1 

5.2 

5.3 

5.4 

5 

6.1 

6.2 

6.3 

6.4 

and  phase  current  /gg  suggest  the  occurrence  of  a  flashover  from  phase  C  to  phase  B 
somewhere  between  poles  8  and  11,  for  strokes  1,  and  possibly  2  and  5,  of  this  flash. 
This  flashover  is  not  observed  in  video  records. 

Measurement  Ib5  was  lost  due  to  an  ISOBE  malfunction,  and  In  was  lost  due  to 
a  coaxial  cable  problem. 

Peak  values  and  calculated  charges  of  all  measured  current  waveforms  available 
for  this  flash  are  given  in  Tables  1. 32-1. 40  for  strokes  1-5.  Figure  6.15  shows  peak 
values  for  strokes  1  through  5  of  currents  to  ground. 

Charges  transferred  to  ground  (as  a  percentage  of  the  total  stroke  charge)  are 
shown  in  Figures  1. 7-1. 11,  for  strokes  1-5.  Note  how  distant  poles  (1,  2,  17,  and  18) 
seem  to  transfer  a  large  percentage  of  the  total  charge  for  larger  time  windows  (this 
effect  is  more  pronounced  at  poles  17  and  18). 

The  ground  charge  transfer  matrix  (see  the  beginning  of  this  chapter)  of  this  flash 

is  given  by  6.10: 

h3    74    74^ 

72    73    74 

GC34  =      72    73    74     %  (6.10) 
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Figure  6.15:  Measured  peak  current  to  ground  for  strokes  1  through  5  (in  ascending 
order  from  left  to  right)  of  flash  FPL0034  (See  Tables  1.32,  1.34,  1.36,  1.38,  and  1.40). 
Lightning  strike  point  is  between  poles  9  and  10. 


Note  from  (6.10)  that  from  25  to  30  %  of  the  charge  is  lost  in  all  5  strokes. 


6.3.7     Flash  FPL0036 


The  configuration  for  this  event  is  given  in  Section  C.2.1,  page  171.  The  electrical 
diagram  showing  voltage  and  current  measurement  locations  for  this  strike  is  shown  in 
Figure  C.6.  The  instrumentation  summary  is  given  in  Table  C.9,  and  instrumentation 
settings  in  Table  C.IO. 

This  is  the  only  flash  for  which  data  (only  for  the  first  return  stroke)  are  presented 
and  compared  to  model  predictions  (Section  6.3.8).  Data  corresponding  to  the  first 
stroke  of  this  flash  are  presented  at  the  end  of  this  section.  All  data  for  this  flash  are 
presented  in  Mata  et  al.  [2000j].  Incident  current,  currents  to  ground,  neutral  currents, 
and  phase  C  arresters  and  phase  currents  are  shown  in  Figure  6.18.  Additionally, 
currents  to  ground,  neutral  currents,  and  phase  C  arresters  and  phase  currents  for 
stroke  1  are  shown  in  Figure  6.18. 
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Figure  6.16:  Measured  peak  current  through  arresters  for  strokes  1  through  5  (in 
ascending  order  from  left  to  right)  of  flash  FPL0036  (See  Tables  1.42,  1.44,  1.46,  1.48, 
and  1.50).  Lightning  strike  point  is  between  poles  9  and  10.  - 
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Figure  6.17:  Measured  peak  current  to  ground  for  strokes  1  through  5  (in  ascending 
order  from  left  to  right)  of  flash  FPL0036  (See  Tables  1.42,  1.44,  1.46,  1.48,  and  1.50). 
Lightning  strike  point  is  between  poles  9  and  10. 
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Phase  C  arrester  at  pole  8  burned  after  stroke  5  (last  recorded  stroke  with  the 
total  number  of  strokes  being  at  least  8).  Burning  of  the  phase  C  arrester  at  pole  8  is 
observed  in  video  records.  There  is  no  indication  in  the  measured  current  waveforms 
of  a  flashover  between  phases.  Phase  current  /gg  appears  as  a  sharp  pulse,  saturated 
at  -1.5  kA  (saturation  level)  for  less  than  1  ^s,  and  the  arrester  current  /bns  also  shows 
a  maximum  peak  of  about  -1.5  kA  for  the  first  three  strokes  of  this  flash.  Glowing  is 
observed  (from  video  records)  at  several  points  in  the  middle  of  the  hne  (close  to  the 
strike  point)  but  no  arcs  between  phases  are  observed  during  this  event  (at  least  in 
the  video  camereis'  fields  of  view).  This  is  the  only  flash  for  which  the  responses  of 
the  line  to  return  strokes  were  measured  without  any  triggering  wires  being  involved 
or  arrester  failure  during  the  ICC.  Unfortunately,  several  measurements  were  lost  due 
to  ISOBES,  coaxial  cables,  and/or  oscilloscopes  malfunction.  Also,  current  to  ground 
Ig\  shows  a  discontinuity  near  its  maximum  for  the  first  three  return  strokes,  which 
was  later  associated  with  arcing  from  the  measuring  circuit  to  an  underground  cable 
(not  used  in  the  experiments  presented  here)  whose  termination  hangs  at  pole  1. 
These  arcs  are  observed  in  video  records.  After  this  event,  the  terminal  of  the  cable 
was  moved  as  far  away  as  possible  from  pole  1.  Because  of  the  shape  of  the  waveform 
of  Iqi  and  its  magnitude  (relative  to  other  currents  to  ground),  it  is  believed  that 
this  arcing  does  not  affect  much  the  calculations  of  charges. 

Current  In  was  lost  due  to  a  coaxial  cable  problem,  currents  I  Mi,  Ian8,  a-nd  voltage 
Vans  are  not  available  for  either  the  second  or  the  third  stroke  of  this  flash  due  to  an 
oscilloscope  malfunction,  and  current  Icns  was  lost  due  to  an  ISOBE  failure. 

Peak  values  and  calculated  charges  of  all  measured  current  waveforms  available 
for  this  flash  are  given  in  Tables  1. 42-1. 50  for  strokes  1-5.  Figures  6.16  and  6.17 
show  peak  values  for  strokes  1  through  5  of  arrester  currents  and  currents  to  ground, 
respectively.  Note  that  terminating  resistor  current  Icni  is  also  shown  in  Figure  6.16. 

Transferred  charge  through  phase  C  arresters  at  different  poles  and  terminating 
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resistor  at  pole  1  for  stroke  1  are  shown  in  Figures  6.19  and  6.20,  respectively.  Note 

that  the  distribution  of  charges  are  different  for  the  two  cases.   Most  of  the  stroke 

flash  is  transferred  through  the  arresters  closest  to  the  strike  point,  whereas  charges 

transferred  to  ground  are  distributed  along  different  grounds.    The  distribution  of 

charges  to  ground  seems  to  have  the  same  pattern  regardless  of  the  stroke  peak  current 

and/or  charge,  whereas  the  distribution  of  charges  through  arresters  depends  on  the 

stroke  peak  current  and/or  charge.  For  instance,  the  distribution  of  charges  through 

arresters  for  stroke  1  (27  kA)  and  4  (7.7  kA)  are  shown  in  Figures  6.19  and  6.21, 

respectively.  Note  that  for  smaller  strokes  (stroke  4),  at  later  times,  charge  transferred 

through  the  terminating  resistor  increases  significantly,  whereas  the  ratio  of  charges 

transferred  through  arresters  seems  to  remain  constant. 

The  ground  charge  transfer  matrix  (see  the  beginning  of  this  chapter)  of  this  flash 

is  given  by  6.11: 

^68    57    56^ 

68  58  55 

68  58  57     %  (6.11) 

71  74  76 

\73  74  74/ 

Note  from  (6.11)  and  Table  6.5  that  there  seems  to  be  more  charge  lost  for  larger 
than  for  smaller  strokes.  This  may  be  indicative  of  flashovers  to  ground,  so  that  some 
current  bypassed  current  measuring  instruments. 

The  power  spectrum  density  values  integrated  over  four  different  frequency  bands 
for  each  current  measurement  are  presented  in  Tables  I.43-I.51,  for  strokes  1  through  5. 


GC56  — 
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6.3.8     Flash  FPL0036,  Data  and  EMTP  Modeling 


EMTP  modeling  of  this  four-conductor  distribution  line  has  been  performed 
(Chapter  5)  for  the  first  stroke  of  flash  FPL0036. 
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Figure  6.19:  Percentage  of  total  charge  transferred  through  phase  C  arresters  at  dif- 
ferent poles  and  terminating  resistor  at  pole  1,  calculated  at  three  different  instants 
of  time  (100 /is,  500 /xs,  and  1  ms  from  the  beginning  of  the  return  stroke),  for  stroke 
1  of  flash  FPL0036  (See  Table  1.42).  Lightning  strike  point  is  between  poles  9  and 
10. 
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Figure  6.20:  Percentage  of  total  charge  transferred  to  ground  at  different  poles,  calcu- 
lated at  three  different  instants  of  time  (100 /.ts,  500 /.is,  and  1  ms  from  the  beginning 
of  the  return  stroke),  for  stroke  1  of  flash  FPL0036  (See  Table  1.42).  Lightning  strike 
point  is  between  poles  9  and  10. 
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Figure  6.21:  Percentage  of  total  charge  transferred  through  phase  C  arresters  at  dif- 
ferent poles  and  terminating  resistor  at  pole  1,  calculated  at  three  different  instants 
of  time  (100 /is,  500 /is,  and  1  ms  from  the  beginning  of  the  return  stroke),  for  stroke 
4  of  flash  FPL0036  (See  Table  1.48).  Lightning  strike  point  is  between  poles  9  and 
10. 
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Figure  6.22:  Percentage  of  total  charge  transferred  to  ground  at  different  poles,  calcu- 
lated at  three  different  instants  of  time  (100  yus,  500 //s,  and  1  ms  from  the  beginning 
of  the  return  stroke),  for  stroke  4  of  flash  FPL0036  (See  Table  1.48).  Lightning  strike 
point  is  between  poles  9  and  10. 
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Two  different  cases  are  considered: 
Case  1.  Model  with  measured  grounding  resistances  (see  Table  3.1),  40.7,  46.8,  27.7, 
51.6,  54.9,  46.4,  37.1,  and  22.10,  for  poles  1,  2,  5,  8,  11,  14,  17,  and  18,  respectively. 
Case  2.  Model  with  adjusted  values  of  grounding  resistances,  49.9,  43.9,  28.3,  34.8, 
45.6,  46.7,  34.8,  and  18.8  fi,  for  poles  1,  2,  5,  8,  11,  14,  17,  and  18,  respectively.  These 
adjusted  values  were  found  with  the  optimization  algorithm  explained  in  Section  6.1. 
To  compare  measured  and  model-predicted  currents  for  this  case,  the  source  current 
used  in  the  model  was  the  measured  incident  current  of  stroke  1  (Section  5.1)  multi- 
plied by  a  factor  of  0.68,  obtained  from  (6.11).  The  imphcation  in  using  the  scaling 
factor  for  the  incident  current  is  that  (a)  the  model  is  vahd,  (b)  currents  to  ground 
are  measured  accurately,  and  (c)  the  incident  current  is  overestimated  by  about  32  %. 

The  minimization  criterion  used  for  Case  2  is  given  by  (6.12): 


mm 

Ri 


E 


Jo  [Icim  —  loic)    dt 


-100 /[iS 


Jo  ^Gim  "I 


(6.12) 


where  Ri  are  the  grounding  resistances  used  in  the  model,  i  takes  the  values  of  1,  2, 
5,  8,  11,  14,  17,  and  18,  loim  is  the  measured  current  at  pole  z,  and  Igic  is  the  model- 
predicted  current  waveform  at  pole  i.  By  integrating  the  square  of  the  difference 
between  the  two  current  waveforms  {loim  and  loic)  we  minimize  the  difference  between 
the  two  currents  at  any  instant  of  time  in  the  time  window  of  interest,  instead  of 
the  difference  between  the  areas  of  these  two  currents.  This  situation  is  illustrated  in 
Figure  6.23,  from  which  it  is  clear  that  we  minimize  J  \lGim  ~  laA  which  is  equivalent 
to  Ai  +  A2.  By  dividing  the  integral  of  the  square  of  the  difference  by  the  total 
measured  charge  transferred  to  ground  at  that  pole,  we  normahze  each  term  of  the 
sum  in  (6.12),  assigning  all  of  them  the  same  weight.  This  means  that  the  difference 
between  the  currents  at  different  poles  will  have  the  same  weight  regardless  of  the 
magnitude  of  charges  transferred  to  ground. 
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Figure  6.23:  Illustration  of  possible  compensation  on  current  waveforms  when  running 
the  optimization  algorithm. 


Current  to  ground  at  pole  1  is  shown  in  Figure  6.24.  Model-predicted  waveforms 
resemble  the  measured  waveform  for  the  two  cases;  even  the  fine  structure  at  the 
beginning  of  the  measured  current  is  reproduced.  Case  2  seems  to  be  the  best  match 
in  this  case.  Note  the  relatively  fast  variation  in  the  measured  current  to  ground 
waveform  near  its  negative  peak.  This  variation  (a  dip)  was  associated  with  an  arc 
that  occurred  between  an  underground  cable  that  was  hanging  at  pole  1  and  the 
downlead  connecting  the  neutral  and  grounding  rod  at  the  pole.  The  arc  occurred 
above  the  shunt  measuring  this  current,  and  therefore,  some  current  bypassed  the 
current  sensor.  It  is  believed  that  a  sufficiently  high  voltage  was  induced  in  the 
underground  cable  that  the  arc  was  produced. 

Current  to  ground  at  pole  2  is  shown  in  Figure  6.25.  Here  we  also  observe  a 
dip  near  the  measured  current  negative  peak.  This  feature  of  the  waveform  was 
associated  with  the  arcing  that  took  place  at  pole  1,  as  explained  before.  Although 
model-predicted  current  waveforms  for  cases  1  and  2  resemble  the  measured  current 
to  ground  at  this  pole,  case  2  provides  a  better  match.  Current  to  ground  at  pole  5 
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Figure  6.24:  Current  to  ground  at  pole  1  {Iqi)  versus  time  displayed  on  a  100-/xs  scale, 
for  stroke  1  of  flash  FPL0036. 
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Figure  6.25:  Current  to  ground  at  pole  2  {Ig2)  versus  time  displayed  on  a  100-/xs  scale, 
for  stroke  1  of  flash  FPL0036. 
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Figure  6.26:  Current  to  ground  at  pole  5  (/gs)  versus  time  displayed  on  a  100-/is  scale, 
for  stroke  1  of  flash  FPL0036. 
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Figure  6.27:  Current  to  ground  at  pole  8  (Igs)  versus  time  displayed  on  a  100-/xs  scale, 
for  stroke  1  of  flash  FPL0036. 
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Figure  6.28:  Current  to  ground  at  pole  11  (/gii)  versus  time  displayed  on  a  100-/us 
scale,  for  stroke  1  of  flash  FPL0036. 
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Figure  6.29:  Current  to  ground  at  pole  14  {Iqu)  versus  time  displayed  on  a  100-/is 
scale,  for  stroke  1  of  flash  FPL0036. 
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Figure  6.30:  Current  to  ground  at  pole  8  (/gs)  versus  time  displayed  on  a  10-/iS  scale, 
for  stroke  1  of  flash  FPL0036. 
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Figure  6.31:  Current  to  ground  at  pole  11  (/gii)  versus  time  displayed  on  a  10- /xs 
scale,  for  stroke  1  of  flash  FPL0036. 
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Figure  6.32:  Current  to  ground  at  pole  14  {Iqu)  versus  time  displayed  on  a  10-/is 
scale,  for  stroke  1  of  flash  FPL0036. 
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Figure  6.33:  Current  to  ground  at  pole  17  {Ion)  versus  time  displayed  on  a  100-/is 
scale,  for  stroke  1  of  flash  FPL0036.  * 
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Figure  6.34:  Current  to  ground  at  pole  18  (/gis)  versus  time  displayed  on  a  100-/.is 
scale,  for  stroke  1  of  flash  FPL0036. 


is  shown  in  Figure  6.26.  In  this  case,  model-predicted  waveforms  show  a  poor  match 
to  the  measurement  for  the  first  15 /is,  while  a  good  match  is  seen  at  later  times. 
Current  measurements  indicate  that  most  of  the  charge  is  transferred  to  ground  at 
poles  5  and  8.  Current  to  ground  at  pole  8  is  shown  in  Figures  6.27  and  6.30  on  100 
and  10  fis  time  scales,  respectively.  The  measured  current  is  well  reproduced  by  the 
model.  Here,  case  2  also  provides  a  better  match  than  case  1.  Current  to  ground  at 
pole  11  is  shown  in  Figures  6.28  and  6.31  on  100  and  10 /us  time  scales,  respectively. 
This  current  waveform  is  also  well  reproduced  by  the  model  for  both  cases  considered. 
Note  however  that  the  peak  value  and  the  overall  waveform  is  better  reproduced  in 
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case  2.  Current  to  ground  at  pole  14  is  shown  in  Figures  6.29  and  6.32  on  100  and 
lOfis  time  scales,  respectively.   Note  that  the  second  current  peak  which  occurs  at 
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Figure  6.35:  Terminating  resistor  current  at  pole  1  {Icni)  versus  time  displayed  on  a 
100-//S  scale,  for  stroke  1  of  flash  FPL0036. 
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Figure  6.36:  Phase  C  arrester  current  at  pole  2  {Icnt)  versus  time  displayed  on  a 
100-/is  scale,  for  stroke  1  of  flash  FPL0036. 
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Figure  6.37:  Phase  C  arrester  current  at  pole  5  {Icns)  versus  time  displayed  on  a 
100-//S  scale,  for  stroke  1  of  flash  FPL0036. 
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about  4/is  in  the  measured  current  waveform  is  reproduced  in  both  cases,  but  case 

1  predicts  a  fairly  large  second  current  peak,  not  seen  in  the  measured  waveform. 
Again,  case  2  provides  a  better  match  than  case  1.  Current  to  ground  at  pole  17 
is  shown  in  Figure  6.33.  Note  that  the  large  oscillations  during  the  first  10 //s  are 
reproduced  fairly  well  in  both  cases,  with  case  2  yielding  a  better  match.  Current 
to  ground  at  pole  18  is  shown  in  Figure  6.34.  Note  that  the  small  oscillations  in 
the  first  5  /is  of  the  current  waveform  are  well  reproduced  by  the  model.  Note  also 
that  the  oscillations  in  this  current  to  ground  are  less  pronounced  than  oscillations 
seen  at  pole  17,  this  latter  pole  having  a  larger  low-frequency,  low-current  grounding 
resistance.  Overall,  currents  to  ground  are  very  well  reproduced  by  the  model,  case 

2  providing  a  better  match  for  all  of  them.  Fine  structure  of  measured  currents  to 
ground  is  also  well  reproduced  by  model-predicted  waveforms.  Terminating  resistor 
current  at  pole  1  is  shown  in  Figure  6.35.  Note  that  the  oscillations  seen  in  the 
measured  current  during  the  first  15  ^s  are  damped  at  later  times,  this  behavior 
being  reproduced  by  the  model.  Phase  C  arrester  current  at  pole  2  is  shown  in 
Figure  6.36.  Note  that  the  oscillations  damped  at  later  times  in  the  measured  current 
waveform  are  not  damped  in  the  model-predicted  waveform.  Note  also  that  this  pole 
has  a  relatively  low  grounding  resistance,  and  yet  the  current  through  the  arrester  at 
this  pole  is  not  much  different  from  the  current  through  phase  C  arrester  at  pole  17, 
which  has  a  larger  grounding  resistance  and,  additionally,  is  farther  away  from  the 
strike  point.  From  Table  1.42  we  see  that  the  charge  transferred  to  ground  at  pole  5  is 
almost  twice  the  arrester  transferred  charge  at  that  pole,  whereas  at  all  other  poles, 
charges  transferred  to  ground  are  about  the  same  or  less  than  charges  transferred 
through  corresponding  arresters.  Phase  C  arrester  current  at  pole  11  is  shown  in 
Figure  6.38.  Note  that  the  model-predicted  waveforms  show  very  large  oscillations 
not  seen  in  the  measured  current.  This  oscillations  are  not  present  when  a  slower 
current  source  is  used.    When  a  crude  lumped  "corona"  model  is  implemented  (a 
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Figure  6.38:  Phase  C  arrester  current  at  pole  11  (Icnu)  versus  time  displayed  on  a 
100-//S  scale,  for  stroke  1  of  flash  FPL0036. 
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Figure  6.39:  Phase  C  arrester  current  at  pole  14  {Icnu)  versus  time  displayed  on  a 
100-/is  scale,  for  stroke  1  of  flash  FPL0036. 
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Figure  6.40:  Phase  C  arrester  current  at  pole  17  {Icnu)  versus  time  displayed  on  a 
100-/is  scale,  for  stroke  1  of  flash  FPL0036. 


shunt  resistor  in  parallel  with  a  capacitor  to  ground  at  the  strike  point)  and/or  the 
characteristic  impedance  (500-2000  fi)  of  the  lightning  channel  is  taken  into  account 
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(a  shunt  resistor  to  ground),  oscillations  in  model-predicted  currents  in  the  middle 
of  the  line  are  damped  and  model-predicted  currents  through  arresters  at  poles  8 
and  11  resemble  measured  current  waveforms.  It  seems  that  certain  higher  frequency 
components  of  the  incident  current  excite  some  modes  of  propagation  on  the  line 
making  the  line  section  from  the  strike  point  to  the  first  arrester  station  resonate  at 
these  higher  frequencies.  These  oscillations  are  not  seen  in  model-predicted  current 
to  ground  waveforms;  the  oscillations  are  only  present  in  model-predicted  waveforms 
for  the  struck  phase,  neutral,  and  arresters  closest  to  the  strike  point.  Phase  C 
arrester  current  at  pole  14  is  shown  in  Figure  6.39.  This  is  the  worst  model-predicted 
arrester  current.  The  measured  arrester  current  decays  after  it  reaches  its  peak, 
whereas  in  the  model-predicted  waveform  the  current  initially  decays  after  the  peak 
and  after  about  30 /^s  increases  again.  Phase  C  arrester  current  at  pole  17  is  shown  in 
Figure  6.40.  This  model-predicted  current  waveform  shows  very  good  agreement  with 
the  measured  current.  Overall,  model-predicted  waveforms  show  good  agreement 
with  measured  currents,  with  case  2  providing  a  better  match  than  case  1.  It  is 
worth  noting  that  the  model  lacks  such  voltage  limiting  effects  such  as  corona.  Also, 
oscillations  are  rapidly  damped  when  a  parallel  combination  of  capacitor  and  resistor 
(a  crude  lumped  model  of  corona)  or  the  characteristic  impedance  of  the  lightning 
channel  (500-2000  fl)  is  connected  in  parallel  with  the  source  (between  the  strike  point 
and  ground). 

The  distribution  of  arrester  currents  is  a  complex  function  of  the  grounding  resis- 
tances at  the  different  poles  and  their  distance  from  the  strike  point.  The  following 
observations  can  be  made:  1)  arrester  current  seems  to  be  primarily  determined  by  the 
distance  from  the  strike  point,  while  the  grounding  resistance  at  the  arrester  station 
does  not  seem  to  have  much  effect  on  arrester  current.  The  arresters  located  closest 
to  the  strike  point  always  allowed  more  current  to  flow  from  the  struck  phase  to  neu- 
tral than  more  distant  arresters,  2)  the  charge  transferred  from  neutral  to  ground  is 
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primarily  determined  by  the  low-frequency,  low-current  grounding  resistance,  while 
the  distance  from  the  strike  point  does  not  seem  to  have  much  effect  on  the  charge 
transferred;  the  lower  the  grounding  resistances  the  more  charge  is  transferred  to 
ground. 

6.3.8.1      Energy  dissipated  by  arrester  during  a  multiple  stroke  flash 

Phase  C  arrester  at  pole  11  is  the  only  arrester  for  which  simultaneously  recorded 
voltage  and  current  waveforms  for  the  first  5  strokes  in  flash  FPL0036  are  available. 
From  the  current  and  voltage  measurement  we  can  estimate  the  energy  dissipated  by 
this  arrester  for  the  first  5  strokes  of  this  flash.  Flash  FPL0036  contained  more  than 
5  strokes,  and  the  arrester  failed  during  one  of  the  strokes  after  stroke  5. 


Table  6.12:  Calculated  dissipated  arrester  energy  by  the  phase  C  arrester  at  pole  11 
for  the  five  strokes  of  flash  FPL0036.  Also  shown  are  the  arrester  transferred  charge 
and  peak  current.  Value  in  parenthesis  indicate  the  time  window  of  integration. 


Parameter 

Stroke  1 

Stroke  2 

Stroke  3 

Stroke  4 

Stroke  5 

Energy  kJ 

29.8 

29.5 

18.7 

2.7 

3.1 

Charge  [C] 

0.84 
(4  ms) 

0.82 
(4  ms) 

0.45 

(4  ms) 

0.036 

(2  ms) 

0.061 
(2  ms) 

max/  [kA] 

10.0 

10.2 

9.3 

2.7 

3.4 

In  Figures  6.41a  and  6.41b  the  linear  regressions  lines,  given  by  (6.13)  and  (6.14), 
respectively,  are  shown.  The  energy  dissipated  by  the  arrester  is  shghtly  better  cor- 
related with  the  charge  transferred  through  the  arrester  than  with  the  peak  current. 
Note  that  at  the  end  of  stroke  5  of  this  flash,  this  arrester  had  already  dissipated 
approximately  84  kJ  (the  maximum  withstand  energy  of  this  arrester  is  about  72  kJ, 
see  Section  6.3.9.1). 


E{C)  =  34x  C  +  1. 6  [k J];      p  =  0.998 


(6.13) 


128 


0.2  0.4  0.6  0.8 

Charge,  C 


30 

/ 

/ 

25 

/ 

■^     20 
biO 

W    10 

/            O 

■ 

5 

. 

0 

o/J 

b) 

4  6  8  10 

Peak  Current,  kA 


12 


Figure  6.41:  Correlation  between  the  arrester's  dissipated  energy  and:  a)  the  arrester 
transferred  charge,  and  b)  the  arrester  peak  current. 


£;(max/)  =  0.0035  x  (max/)  -  8  [A; J];     p  =  0.966 


(6.14) 


where  E  is  the  energy  in  kJ,  C  is  the  charge  in  coulombs,  max/  is  the  current 
peak,  and  p  is  the  linear  correlation  coefficient.  This  arrester  failed  only  after  stroke 
5,  even  though  the  cumulative  dissipated  energy  for  the  first  five  strokes  exceeded 
the  maximum  withstand  energy  of  the  arrester.  It  is  important  to  note  that,  the 
cumulative  dissipated  energy  of  about  84  k  J  does  not  account  for  the  energy  dissipated 
during  the  initial  stage  of  the  flash.  Furthermore,  there  might  have  been  continuing 
currents  and  M  components  between  the  strokes  that  did  not  trigger  the  digitizers. 
Note  also  that  the  arrester  might  have  been  cooled  to  some  extent  during  interstroke 
intervals. 

The  phase  C  arrester  at  pole  8  failed  after  stroke  5  because  it  dissipated  more 
energy  than  the  phase  C  arrester  at  pole  11.  The  tape  recorder  needs  to  be  repaired 
before  we  can  determine  whether  current  data  for  strokes  of  order  6  and  higher  for 
this  flash  were  recorded. 
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6.3.9     Flash  FPL0037 

The  configuration  for  this  event  is  given  in  Section  C.2.2,  page  172.  The  elec- 
trical diagram  showing  voltage  and  current  measurement  locations  for  this  strike  is 
shown  in  Figure  C.7.  The  instrumentation  summary  is  given  in  Table  C.ll,  and 
instrumentation  settings  in  Table  C.12. 

Data  for  flash  FPL0037  are  presented  in  Mata  et  al.  [2000h]  which  is  divided  into 
four  sections.  Section  1  presents  plots  for  all  data  available  for  this  flash.  Strokes 
1  and  2  are  presented  in  Sections  2  and  3,  respectively.  Each  section  is  divided 
into  subsections  which  contain  plots  of  the  waveforms  on  different  time  scales.  The 
structure  of  Mata  et  al.  [2000h]  is  outlined  in  Table  6.13.  Section  4  presents  long 
duration  records  successfully  acquired  for  this  flash. 


Table  6.13:  Section  numbers  of  Mata  et  al.  [2000h]  containing  waveforms  displayed 
on  different  time  scales  for  Flash  FPL0037. 


Return  Stroke 
Number 

Section  numbers  for  different  time  windows 

10  ms 

1  ms 

100 /is 

10 /iS 

1 

2.1 

2.2 

2.3 

2.4 

2 

3.1 

3.2 

3.3 

3.4 

Phase  C  arrester  at  pole  8  burned  during  the  ICC  of  this  flash  (see  Section  6.3.9.1). 
Also,  a  phase  C  to  phase  B  flashover  was  optically  observed  at  the  strike  point  (pole 
9).  Current  measurements  I 39  and  Ibn^  suggest  the  presence  of  such  flashover  for 
stroke  1,  which  was  the  second  largest  return  stroke  of  the  season  (48  kA).  Current 
measurements  do  not  contain  an  indication  of  a  flashover  during  stroke  2  (21  kA). 

Measurement  Iqi  was  lost  due  to  an  ISOBE  malfunction.  The  ground  charge 
transfer  matrix  is  not  presented  for  this  event,  since  the  ISOBE  3000  measuring  Igi 
failed  when  this  flash  occurred. 
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Peak  values  and  calculated  charges  of  all  measured  current  waveforms  available 
for  this  flash  are  found  in  Tables  1.52  and  1.54  for  strokes  1  and  2,  respectively. 
The  power  spectrum  density  values  integrated  over  four  different  frequency  bands  for 
each  current  measurement  are  presented  in  Tables  1.53  and  1.55,  for  strokes  1  and  2 
respectively. 

Incident  current,  currents  to  ground,  neutral,  and  phase  C  arresters  and  phase 
currents  for  stroke  1  of  this  flash  are  presented  in  Figure  6.42  on  a  1-ms  scale.  This 
particular  flash  is  of  interest  because  of  the  large  M  component  that  follows  the 
stroke.  Also,  phase  C  arrester  at  pole  17  was  the  only  arrester  that  operated  on  this 
M  component  (see  Figure  6.42). 


Time,  ms 


RS  Peak 


max(M)] 


Figure  6.43:  Measurement  of  return-stroke  peak  current,  RS  peak,  and  two  measure- 
ments of  M-component  current,  max(M)i  and  max(M)2.  The  current  waveform  was 
recorded  at  the  launcher  (at  the  channel  base). 


The  measured  and  calculated  (Section  6.3.8)  grounding  conductances  at  each  pole 
of  the  horizontal  distribution  line  are  shown  in  Figure  6.44  as  a  percentage  of  the  total 
(the  combination  of  all  grounding  conductances)  measured  and  calculated  grounding 
conductances,  respectively.  Note  that  Figure  6.44  is  very  similar  to  those  that  show 
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Figure  6.44:  Measured  and  calculated  conductances  in  percent  of  the  total  conduc- 
tance of  the  grounding  system. 
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Figure  6.45:  Measured  stroke  peak  current,  M  component  peak  current  max(M)i,  and 
M  component  peak  current  max(M)2  for  flash  FPL0037  (See  Figure  6.43).    Arrows 
indicate  saturated  current  waveforms  (See  Table  1.52).  Lightning  strike  point  was  at 
Pole  9,  phase  C. 
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Figure  6.46:  Measured  stroke  peak  current,  M  component  peak  current  max(M)i,  and 
M  component  peak  current  max(M)2  for  flash  FPL0037  in  percent  of  their  respective 
maximums  at  the  channel  base  (See  Figure  6.43).  Arrows  indicate  saturated  current 
waveforms  (See  Table  1.52).  Lightning  strike  point  was  at  Pole  9,  phase  C. 
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the  charge  transferred  to  ground  (see  for  instance  Figure  1.15,  page  375).  Figure  6.45 
shows  the  peak  current  comparison  of  stroke  1  and  the  M  component  that  follows  this 
return  stroke  at  each  ground  rod.  Measurements  of  the  return  stroke  peak  current 
and  two  measurements  of  the  M-component  peak  current  max(M)i  and  max(M)2, 
are  illustrated  in  Figure  6.43.  Note  from  Figures  6.45  and  6.46  that  the  distribu- 
tion of  return-stroke  peak  current  among  the  ground  rods  appears  to  be  symmetric 
with  respect  to  the  strike  point  (in  this  case  the  strike  point  was  located  at  pole  9), 
whereas  the  distribution  of  M  component  peak  current  is  similar  to  the  distribution 
of  the  grounding  conductances  shown  in  Figure  6.44.  Apparently,  the  lower  frequency 
components  of  the  stroke  current  flow  to  ground  according  to  the  distribution  of  the 
grounding  conductances  (or  resistances)  along  the  line,  and  the  higher  frequency  com- 
ponents of  the  stroke  current,  which  are  also  those  with  largest  amplitudes,  flow  to 
ground  primarily  near  the  strike  point,  regardless  of  grounding  resistances. 

6.3.9.1     Energy  dissipated  by  arrester  during  initial-stage  current 

The  arrester  installed  at  pole  8  on  phase  C  of  the  cross  arm  configuration  re- 
peatedly failed  during  the  2000  experiments  (see  Section  6.3.10).  All  arresters  on 
the  line  survived  only  one  flash  (single-stroke  flash  FPL0033,  Section  6.3.5),  during 
which  flashovers  were  observed  on  the  line.  Arrester  voltage  and  low-level  current  (see 
Table  C.12  for  instrumentation  settings)  measured  during  the  ICC  of  Flash  FPL0037 
allowed  us  to  study  the  responses  of  arresters  to  the  ICC.  From  the  voltage  and  current 
waveforms  we  calculate  the  instantaneous  power  {P{t)  —  v{t)  *  i{t))  and  integrated 
it  over  time  to  obtain  the  energy.  These  are  the  first  ever  simultaneously-recorded 
arrester  low-level  current  and  voltage  waveforms  from  which  we  can  compute  the 
energy  dissipated  in  the  arrester. 

The  measured  low- level  incident  current,  arrester  current  at  pole  11,  arrester  volt- 
age and  current  at  pole  8,  and  the  calculated  energy  as  a  function  of  time  are  shown 
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Figure  6.47:  a)  Incident  lightning  channel  current  and  current  through  arrester  at 
pole  11  {lis  and  Icnus,  respectively),  b)  measured  arrester  voltage  and  current  at 
pole  8  (VcNss  and  Icnss),  c)  computed  energy  for  the  arrester  at  pole  8  which  failed 
during  flash  FPL0037. 
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in  Figure  6.47.  When  overlapping  arrester  current  at  pole  11  and  arrester  current  at 
pole  8,  the  latter  seems  to  be  slightly  larger  than  the  former.  Higher  resolved  currents 
would  reveal  the  difference  between  them,  but  due  to  dynamic  range  of  equipment, 
and  8-bit  resolution  of  digital  oscilloscopes,  the  comparison  cannot  be  done  reliably. 
Figure  6.47c  shows  that  the  energy  dissipated  by  the  arrester  had  reached  about  90  kJ 
before  the  arrester  failed  (the  collapse  of  the  discharge  voltage  across  the  arrester  in 
Figure  6.47b  is  the  instant  at  which  the  arrester  fails,  at  about  25  ms).  This  value  of 
failure-causing  energy  seems  to  be  consistent  with  the  maximum  dissipation  energy 
for  MOV  arresters  given  by  Greenwood  [1991],  which  is  on  the  order  of  4  kJ/kV  of  kV 
rating  (Greenwood  [1991]).  Since  the  arresters  used  in  these  experiments  have  a  volt- 
age rating  of  18  kV,  the  expected  withstand  energy  is  about  72  kJ.  The  voltage  across 
the  arrester  remained  clamped  at  about  30  kV  while  there  wais  detectable  current 
through  the  device  (see  Table  3.3,  page  33).  Note  the  voltage  response  of  the  MOV 
(Figure  6.47b)  to  the  initial  ICC  pulse  at  about  -120  ms  (Figure  6.47a)  even  when 
there  is  no  detectable  current  flowing  through  the  arrester.  From  Figure  6.47b  we  see 
how  the  failed  arrester  takes  all  the  current  right  after  it  fails,  saving  other  arresters 
connected  in  parallel  to  it.  Note  also  that  the  ICC  (a  few  hundred  of  amperes)  was 
rather  typical  of  either  the  initial  stage  in  rocket-triggered  lightning  or  of  long  con- 
tinuing current  following  return  strokes  in  both  triggered  and  natural  Hghtning.  As 
noted  in  Section  2.1.1.1  continuing  current  occurs  in  about  half  of  all  natural  flashes 
to  ground.  Shorter-duration  continuing  currents  probably  occur  in  most,  if  not  all, 
natural  cloud-to-ground  flashes. 

6.3.10     Summary  of  the  2000  Experiments 

We  believe  that  arresters  failed  more  frequently  in  the  2000  experiments  than  they 
did  in  the  1999  experiments  because  of  the  use  of  high-energy  terminating  resistors 
in  2000  that  did  not  fail.    Also,  no  other  device  failures  ocurred  anywhere  on  the 
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line  in  2000,  that  could  divert  current  from  the  struck  phase  conductor  to  adjacent 
conductors  and/or  to  neutral,  reducing  the  stress  on  the  arresters. 


45 

-     ■ 

1           1 

1 

1 

1 

1 

1 

40 

-  i 

max(/)  = 

=  56e- 

■.0063d 

- 

35 

O 

^  Pole  8 

or 

11 

- 

fe?    30 

1       \ 

lO 

t- 

f-i 

- 

Current 

01          O          Ul 

- 

i 

I— t 
'o 

i 

i 

00 

r-H 

-§                    - 

Oh 

10 

- 

r 

1 

i- 

i 

5 

- 

^^ 

-^L, 

_l               - 

0 

1             1 

1 

1 

1 

1 

1 

50  100         150         200         250         300         350 

Distance,  m 


400 


450 


500 


Figure  6.48:  Measured  peak  current  to  ground  in  percent  of  the  total  lightning  peak 
current  as  a  function  of  distance  from  the  strike  point.  Dots  represent  measured  peak 
current  to  ground  for  all  strokes  triggered  in  2000  with  no  severe  saturation,  circles 
indicate  mean  values,  and  the  solid  line  is  the  exponential  function  that  fits  the  mean 
values. 


An  important  finding  in  this  study  is  that  the  distribution  of  peak  currents  to 
ground  is  more  or  less  symmetrical  with  respect  to  the  strike  point  (see  Figure  6.14) 
and  appears  to  be  strongly  dependent  on  the  distance  from  the  strike  point,  regardless 
of  the  low- frequency,  low-current  grounding  resistances  (see  Figure  6.48),  whereas  the 
charges  transferred  to  ground  are  distributed  according  to  the  low-frequency,  low- 
current  grounding  resistances  (see  Figure  6.13).  The  distribution  of  arrester  currents 
is  a  complex  function  of  grounding  resistances  at  different  poles  and  the  distance 
from  the  strike  point.    The  following  observations  were  made:    1)  arrester  current 
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is  primarily  determined  by  the  distance  from  the  strike  point,  while  the  grounding 
resistance  at  the  arrester  station  does  not  appear  to  have  much  effect  on  arrester 
current.  The  arresters  located  closest  to  the  strike  point  always  allowed  more  current 
to  flow  from  the  struck  phase  to  neutral  than  more  distant  arresters,  2)  the  charge 
transferred  from  neutral  to  ground  is  primarily  determined  by  the  low-frequency,  low- 
current  grounding  resistance,  while  the  distance  from  the  strike  point  does  not  seem 
to  have  much  effect  on  the  charge  transferred;  the  lower  the  grounding  resistances  the 
more  charge  is  transferred  to  ground. 

We  observed  a  20  to  30  %  discrepancy  between  the  total  charge  injected  into 
the  system,  and  the  total  charge  transferred  to  ground  (represented  by  the  ground 
charge  transfer  matrix),  the  injected  charge  being  larger  than  the  charge  transferred 
to  ground.  This  difference  might  be  the  result  of  the  limited  resolution  of  the  mea- 
suring systems,  calibration  errors  (overestimation  of  the  incident  current  and/or  un- 
derestimation of  currents  to  ground),  and  appreciable  capacitive  and  resistive  leakage 
currents.  Note  that  in  1999,  the  injected  charge  was  observed  to  be  smaller  than  the 
charge  transferred  to  ground,  apparently  due  to  calibration  errors. 

The  model  predicts  oscillations  in  the  current  waveforms  between  the  strike  point 
and  the  nearby  arrester  stations  clearly  seen  in  the  model-predicted  arrester  currents 
at  poles  8  and  11  (Figure  6.38).  These  oscillations  are  not  seen  in  measurements. 
When  a  crude  lumped  "corona"  model  is  implemented  (a  shunt  resistor  in  parallel  with 
a  capacitor  at  the  strike  point)  and/or  the  characteristic  impedance  (500-2000  $1)  of 
the  lightning  channel  is  taken  into  account,  oscillations  in  model-predicted  currents  in 
the  middle  of  the  line  are  damped  and  the  model-predicted  currents  through  arresters 
at  poles  8  and  11  resemble  measured  current  waveforms.  Therefore,  it  is  believed  that 
corona  on  line  conductors  and  other  elements  of  the  system  near  the  strike  point  may 
contribute  (although  not  known  to  what  degree)  to  the  difference  between  total  charge 
injected  into  the  system  and  the  total  charge  transferred  to  ground,  observed  in  2000. 
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In  Florida,  where  the  ground  flash  density  is  about  10  flashes  per  square  kilometer 
per  year,  distribution  Unes  on  7-m  and  10-m  poles  are  expected  to  be  struck  by  light- 
ning on  average  fronn  0.075  to  0.60  times/km/year  and  0.093  to  0.87  times/km/year, 
respectively  (Bazelyan  et  al.  1978).  A  kilometer  of  the  horizontal-configuration  dis- 
tribution line  we  tested  has  about  20  arresters,  therefore,  we  should  expect  to  have 
about  0.33-2.6%  of  all  installed  arresters  fail  each  year  if  90%  of  the  flashes  destroy 
each  one  arrester.  A  mile  of  the  vertical-configuration  distribution  line  has  about  12 
arresters,  therefore,  we  should  expect  to  have  about  0.65-5.9  %  of  all  installed  arresters 
fail  each  year  if  90%  of  the  flashes  destroy  each  one  arrester.  These  percentages  are 
not  much  dissimilar  from  the  0.14  -  1.4%  arrester  failure  rate  per  year  reported  by 
Barker  et  al.  [1998]  for  power  lines  on  20-m  poles,  but  considerably  higher  than  the 
industry  cited  arrester  failure  rates  which  are  usually  in  the  range  of  0.01  to  0.1  %  per 
year.  If  the  rate  we  observe  is  applicable  to  typical  lines,  essentially  every  lightning 
strike  will  destroy  an  arrester  near  the  strike  point.  ; 
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Table  6.14:  Summary  of  the  2000  experiments. 


Flash  ID 

Section 

Observations 

FPLOOll 

6.3.1 

TraiUng  wires  over  the  two  lines.  Phase  C 
arrester  at  pole  8  failed  on  the  second 
return  stroke. 

FPL0014 

6.3.2 

Arcing  across  the  failed  arrester  from  the 
previous  flash.  A  three-phase  and  a 
two-phase  flashovers  close  to  the  strike 
point  were  observed. 

FPL0018 

6.3.3 

Phase  C  arrester  at  pole  8  failed  during  the 
ICC.  Possible  flashover  from  phase  C  to 
phase  B. 

FPL0025 

- 

Phase  C  arrester  at  pole  8  failed  during  the 
ICC. 

FPL0032 

6.3.4 

Trailing  wires  over  the  lines.  No  arrester 
failure. 

FPL0033 

6.3.5 

Single  stroke  flash.  Flashover  at  the  strike 
point  is  observed.  No  arrester  failure. 

FPL0034 

6.3.6 

Phase  C  arrester  at  pole  8  failed  before 
stroke  1.  Possible  flashover  from  phase  C  to 
phase  B. 

FPL0036 

6.3.7 

Phase  C  arrester  at  pole  8  failed  after  stroke 
5.  At  this  point  we  cannot  determine 
whether  there  was  a  flashover  or  not. 

FPL0037 

6.3.9 

Phase  C  arrester  at  pole  8  failed  during  the 
ICC.  Flashover  between  phase  C  and  B  at 
the  strike  point. 

CHAPTER  7 
SUMMARY 


7.1      1996  Experiments 

Three  versions  of  EMTP  models  that  differ  in  their  level  in  complexity  of  repre- 
sentation of  the  line,  ground  leads,  and  grounding  rods  are  compared  for  the  1996 
experiments  in  Section  6.1.  Although  each  reproduces  fairly  well  the  overall  measured 
waveforms,  the  fine  structure  of  the  measured  waveforms  is  better  reproduced  by  the 
most  complex  model.  In  the  modeling,  measured  dc  grounding  resistances  were  ad- 
justed (within  50  %  of  measured  values)  in  order  to  reproduce  better  the  measured 
currents  to  ground.  The  adjusted  values  of  dc  ground  resistances  were  obtained  by 
minimizing  the  area  between  the  measured  and  calculated  current-to-ground  wave- 
forms, in  which  ATP  is  run  from  MATLAB,  and  the  ground  resistances  are  changed, 
until  an  optimization  criterion  is  satisfied.  The  minimization  variables  are  the  dc 
ground  resistances,  and  the  variable  to  be  minimized  is  the  sum  of  the  areas  between 
the  measured  and  model-predicted  currents  to  ground.  Initial  spikes  at  the  beginning 
of  the  arrester  voltage  waveforms  were  found  by  modeling  to  be  attributable  to  mag- 
netic coupling  of  the  current  flowing  through  the  arrester  to  the  voltage  measurement 
circuit.  This  finding  led  to  the  design  and  implementation  of  a  novel  magnetic-flux- 
compensated  voltage  divider  that  reduces  this  magnetic  coupling.  This  device  is  still 
under  study. 
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7.2  1999  Experiments 

Seven  flashes,  each  containing  one  or  more  return  strokes,  were  triggered  to  phases 
C  and  B  at  the  center  of  the  hne,  and  voltages  and  currents  were  measured  with 
submicrosecond  time  resolution  at  various  locations  on  the  line,  in  addition  to  the 
measurement  of  the  incident  lightning  current.  For  the  seven  flashes,  3  to  phase  C 
and  4  to  phase  B,  at  least  4  flashes  produced  flashovers,  although  nylon  phase-wire 
separators,  triggering  wire  from  a  previous  rocket  launch,  the  hard-wire  connection 
from  the  rocket  launcher  to  phase  B,  and  parts  of  measurement  systems  may  have 
been  involved  in  individual  cases.  During  the  experiments,  one  arrester  and  several 
hne  terminators  were  destroyed,  and  at  least  two  1.41  MV  voltage  dividers  at  the  line 
center  were  damaged.  It  is  believed  that  only  one  arrester  failed  in  these  experiments 
since  the  weak  points  of  the  line  were  the  terminating  resistors.  When  the  termi- 
nating resistors  were  removed  from  the  line  (configuration  FPL-B-99,  section  C.1.2), 
one  arrester  failed  on  the  first  trigger  (Flash  UF-9911).  Also,  when  terminating  resis- 
tors were  connected  in  parallel  with  terminating  inductors  (in  an  attempt  to  protect 
the  terminating  resistors  from  the  low-frequency  continuing  current),  the  arresters 
operated  normally  (flashes  UF-9916  and  UF-9917). 

7.3  2000  Experiments 

During  the  2000  experiments,  the  horizontal  distribution  line  was  subjected  to 
a  total  of  ten  flashes,  eight  of  which  contained  return  strokes.  One  of  these  flashes 
was  triggered  with  a  failed  arrester  on  the  line  (Section  6.3.2).  Two  arresters  failed 
after  the  first  stroke  of  two  flashes  (one  of  them  with  triggering  wires  involved,  see 
Section  6.3.1  and  the  other  without  triggering  wires  involved,  see  Section  6.3.7), 
three  arresters  failed  during  the  ICC  of  three  different  flashes  (Sections  6.3.3,  6.3.6, 
and  6.3.9),  one  arrester  failed  during  a  flash  without  return  strokes  (FPL0025,  Ta- 
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ble  6.4),  and  two  flashes  did  not  destroy  any  arresters  (one  of  them  with  triggering 
wires  involved,  see  Section  6.3.4,  and  the  other  without  triggering  wires  but  with 
visible  arcing  on  the  line,  see  Section  6.3.5). 

The  vertical  configured  distribution  line  was  subjected  to  two  flashes,  one  of  which 
contained  return  strokes.  One  arrester  failed  during  the  first  flash  (flash  FPL0039, 
Table  6.4),  and  the  second  flash,  without  return  strokes,  was  triggered  with  the  failed 
arrester  on  the  hne.  Data  from  the  magnetic  tape  (presently  not  accessible)  may  tell 
us  at  what  stage  of  the  flash  it  failed. 

In  every  triggered  flash  to  the  lines  either  arresters  failed  or  flashovers  were  ob- 
served, or  both.  It  follows  that  if  the  distribution  lines  tested  behave  hke  distribu- 
tion lines  in  service,  the  power  distribution  system  is  extremely  vulnerable  to  direct 
lightning  strikes,  and  distribution  arresters  do  not  have  the  capability  of  providing 
protection  against  direct  strikes.  It  is  still  questionable  how  well  the  responses  of  the 
tested  distribution  hne  sections  reproduce  those  of  real  distribution  lines,  the  main 
diflference  being  the  length  and  any  equipment  connected  to  the  lines  that  may  aflfect 
their  responses,  such  as  transformers,  underground  cables,  capacitor  banks,  and  mo- 
tors. In  an  operating  distribution  system,  components  other  than  arresters  could  be 
damaged  as  a  result  of  direct  lightning  strikes  to  the  line.  In  our  experiment,  at  least 
one  arrester  failed  in  seven  out  of  eight  cases  that  the  hne  was  subjected  to  flashes 
containing  return  strokes  (we  do  not  count  cases  for  which  failed  arresters  were  al- 
ready on  the  line,  or  triggering  wires  across  the  line  may  have  served  to  protect  the 
arresters),  which  indicates  that  arrester  failures  should  be  expected  to  occur  in  about 
90  %  of  the  cases  when  a  similarly-protected  distribution  line  is  directly  struck  by 
lightning,  and  at  least  momentary  service  interruptions  (due  to  either  arrester  failure 
or  flashover  on  the  line)  should  be  expected  in  100  %  of  the  cases.  Both  arrester  failure 
and  flashover  on  an  acutal  distribution  line  will  require  a  circuit  breaker  to  operate. 
In  Florida,  where  the  ground  flash  density  is  about  10  flashes  per  square  kilometer 
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per  year,  distribution  lines  on  7-m  and  10-m  poles  are  expected  to  be  struck  by  light- 
ning on  average  from  0.075  to  0.60  times/km/year  and  0.093  to  0.87  times/km/year, 
respectively  (Bazelyan  et  al.  1978).  A  kilometer  of  the  horizontal-configuration  dis- 
tribution line  we  tested  has  about  20  arresters,  therefore,  we  should  expect  to  have 
about  0.33-2.6%  of  all  installed  arresters  fail  each  year  if  90%  of  the  flashes  destroy 
each  one  arrester.  A  mile  of  the  vertical-configuration  distribution  line  has  about  12 
arresters,  therefore,  we  should  expect  to  have  about  0.65-5.9  %  of  all  installed  arresters 
fail  each  year  if  90  %  of  the  flashes  destroy  each  one  arrester.  These  percentages  are 
not  much  dissimilar  from  the  0.14  -  1.4%  arrester  failure  rate  per  year  reported  by 
Barker  et  al.  [1998]  for  power  lines  on  20-m  poles,  but  considerably  higher  than  the 
industry  cited  arrester  failure  rates  which  are  usually  in  the  range  of  0.01  to  0.1  %  per 
year.  If  the  rate  we  observe  is  applicable  to  typical  lines,  essentially  every  lightning 
strike  will  destroy  an  arrester  near  the  strike  point. 

Arresters  in  the  2000  experiments  failed  either  during  the  initial-stage  current 
or  during  the  following  strokes  of  the  flash.  Section  6.3.9.1  shows  how  the  energy 
withstand  capability  of  the  arrester  was  exceeded  during  the  initial  stage  of  that 
flash,  this  initial-stage  current  (a  few  hundreds  of  amperes)  being  typical  of  either 
the  initial-stage  current  in  rocket-triggered  lightning  or  of  long  continuing  current 
following  return  strokes  in  both  triggered  and  natural  lightning.  Additionally,  Sec- 
tion 6.3.8.1  shows  how  the  total  arrester  dissipated  energy  associated  with  multiple 
strokes  may  exceed  the  arrester  energy  withstand  capability.  Thus,  arresters  may  fail 
(Section  6.3.8.1)  as  a  result  of  cumulative  effect  of  multiple  strokes  (it  is  important  to 
note  that  the  value  of  cumulative  dissipated  energy  for  this  flash  does  not  account  for 
the  energy  dissipated  during  the  initial  stage  and  possibly  during  continuing  currents 
and  M  components  occurring  between  the  strokes,  which  did  not  trigger  the  digi- 
tizers). Arrester  failures  usually  occur  when  arresters  are  not  capable  of  absorbing 
the  energy  imparted  by  the  lightning  event  (Andoh  et  al.  2000).    Our  experiments 
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demonstrate  that,  under  direct  lightning  strike  conditions,  such  failures  may  well  oc- 
cur more  frequently  than  it  is  thought.  It  is  possible  that  MOV  arresters  are  incapable 
of  preventing  service  interruptions  under  direct  lightning  strike  conditions,  although 
some  authors  believe  that  lightning-related  interruptions  on  transmission  lines  can  be 
totally  avoided  by  using  surge  arresters  (Tarasiewicz  et  al.  2000). 

We  observed  that  currents  at  different  points  in  the  system  have  different  wave- 
shapes complicating  the  study  of  the  division  of  lightning  current  among  multiple 
available  paths  in  the  system.  It  might  be  more  appropriate  to  analyze  the  division 
of  charge  instead.  The  distribution  of  charge  is  different  from  the  distribution  of 
peak  current.  For  instance,  from  considering  peak  currents  to  ground  (Figure  7.1), 
ground  rods  at  Poles  8  and  11  are  the  preferred  paths  for  the  current  flow  to  ground, 
whereas  from  the  analysis  of  charges  transferred  to  ground  (Figures  7.2,  7.3,  and  7.4), 
ground  rods  at  Poles  5  and  18  are  the  preferred  paths.  Poles  5  and  8  have  the  lowest 
measured  low-frequency,  low-current  grounding  resistances. 

There  is  a  linear  relationship  between  the  peak  current  to  ground  and  the  total 
lightning  peak  current  (Figure  7.1).  Also,  a  linear  relationship  is  observed  between 
the  stroke  charge  and  charges  transferred  to  ground  (Figures  7.2,  7.3,  and  7.4). 
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Figure  7.4: 
2000  experi 

CHAPTER  8 
RECOMMENDATIONS  FOR  FUTURE  RESEARCH 


We  recommend  modifying  the  existing  test  distribution  lines  by  adding  transform- 
ers with  dummy  loads,  for  instance,  to  provide  a  more  "realistic"  path  to  ground  for 
the  low  frequency  components  of  the  lightning  current.  Preferably,  tests  on  a  operat- 
ing distribution  line  should  be  performed  to  check  if  the  test  distribution  line  sections 
built  at  the  ICLRT  behave  like  operating  distribution  lines.  If  the  test  distribution 
line  sections  built  at  the  ICLRT  behave  like  operating  distribution  lines,  new  distri- 
bution line  designs  with  better  lightning  protection  than  current  distribution  lines 
should  be  designed,  built,  and  tested. 

A  new  high  voltage  divider  should  be  design,  tested,  and  implemented,  to  measure 
phase-to-neutral  voltages  close  to  the  strike  point.  With  some  voltage  waveforms  near 
the  strike  point,  the  development  of  a  more  complete  model,  in  which  corona,  lightning 
channel  characteristic  impedance,  and  possibly  electromagnetic  coupMng  between  the 
lightning  channel  and  line  conductors,  would  be  more  feasible.  .-' 

Overall,  the  experimental  setup  and  data  acquisition  system  was  improved  signif- 
icantly from  1999  to  2000.  The  following  recommendations  are  made  to  improve  even 
more  the  2000  experimental  setup  and  data  acquisition  system: 

1.  Design  a  high  voltage  divider  capable  of  measuring  about  10  MV  to  measure 
phase-to-neutral  voltages  at  the  middle  of  the  line. 

2.  Test  and  calibrate  voltage  dividers  and  current  viewing  resistors  in  a  high  volt- 
age laboratory  prior  to  and  after  their  installation  and  use  in  the  experiments. 
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3.  Use  a  high  resolution  deep  memory  digital  oscilloscope  (12  bits,  16  Mbytes)  to 
record  currents  through  arresters  and  currents  to  ground.  This  will  allow  a  more 
complete  frequency  analysis,  since  the  frequency  resolution  in  the  frequency 
domain  analysis  is  determined  by  the  time  window  under  study.  For  instance, 
a  time  window  of  100  ms  would  mean  a  frequency  resolution  of  10  Hz. 

4.  Design  and  implement  a  smart  triggering  circuit  to  turn  on  and  off  the  video 
cameras  remotely  when  needed.  Video  cameras  were  turned  on  and  left  record- 
ing at  the  beginning  of  the  storm.  When  storms  last  for  long  periods  of  time,  J 
video  cameras  rim  out  of  tape  and  therefore  video  records  for  some  events  are 

not  available.  ' 

5.  Design  and  implement  an  automated  and  redundant  computer-oscilloscope- 
interface  to  minimize  data  that  would  be  lost  in  case  of  oscilloscope-recording     ,.;  / 
failures.  For  some  unknown  reason,  when  some  of  the  LeCroy  oscilloscopes  trig- 
ger, they  do  not  always  store  the  data  from  memory  to  the  hard  drive.  If  this 

is  the  case,  when  the  oscilloscopes  are  re-armed  to  acquire  another  event,  data 
in  the  memory  not  recorded  to  the  hard  drive  are  lost. 

6.  Use  a  more  resistant  and  stable  fiber  optic  transmitter  and  receiver  pair  to  ded- 
icate more  time  to  the  experiments  and  less  time  constantly  checking  and  re- 
placing ISOBES.  Several  measurements  were  lost  due  to  ISOBE  failures.  These     •■-' 
devices  are  not  designed  to  be  operated  outdoors,  and  are  very  sensitive  to 
weather  conditions. 


APPENDIX  A 
MEASURING  STATIONS  ON  POWER  DISTRIBUTION  LINES  (DRAWINGS) 


Phase  A 


Phase  B  Phase  C 


35.56  cm 


17.78  cm 


Arrester  1.3  m 

H 


[1 


Neutral 


•s 


38.1cm 


53.34  cm 


1.22  m 


6.2  m  to  ground 


Figure  A.l:  Conductor's  layout  and  clearance  distances  of  the  distribution  line  with 
horizontal  phase  conductor  arrangement. 
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500  il  Termination  resistors 


Neutral 


Shielded  Coaxial  Cable 

■  -•-     Fiber  Optic  Cable 


Hoffman  Shielded  Box 


To  Launch  Control 


Figure  A. 4:  Diagram  of  connections  at  Pole  1  of  the  horizontal  configuration  distri- 
bution line,  summer  2000. 


155 


Phase  A 


Arrester 


'^2 


Neutrcd 


Shielded  Coaxial  Cable 
Fiber  Optic  Cable 


[^Nil 


■W-4 


r^ 


To  Launch  Control    j'* 


r^ 


D r~        Shunt      '' 

\     Ig2 
'J  V\,  J-  Ground  Rod 


Figure  A. 5:  Diagram  of  connections  at  Pole  2  of  the  horizontal  configuration  distri- 
bution line,  summer  2000. 
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Phase  A 


Arrester 


Phase  B 


Shielded  Coaxial  Cable 
Fiber  Optic  Cable 


Neutral 


To  Launch  Control  ..^i'' 


Figure  A. 6:  Diagram  of  connections  at  Pole  8  of  the  horizontal  configuration  distri- 
bution line,  summer  2000. 
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Voltage  Divider 


Insulating  Support 


Pole  Extension 


Crossarm 
Extension 


Neutral 


To  Launch  Control  ^ 


Figure  A. 7:  Diagram  of  connections  at  Pole  9  of  the  horizontal  configuration  distri- 
bution line,  summer  2000. 
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Shunt     — 
Ground  Rod     --,  /( 


Neutral 


Shielded  Coaxial  Cable 
Fiber  Optic  Cable 


k^  ■' 


.'-.I 


To  Launch  Control 


Figure  A. 8:  Diagram  of  connections  at  Pole  11  of  the  horizontal  configuration  distri- 
bution line,  summer  2000. 
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Neutral 


Shielded  Coaxial  Cable 
Fiber  Optic  Cable 


Ground  Rod     --,  /{ 


To  Launch  Control 


Figure  A. 9:  Diagram  of  connections  at  Pole  14  of  the  horizontal  configuration  distri- 
bution hue,  summer  2000. 
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Neutral 


Shielded  Coaxial  Cable 
Fiber  Optic  Cable 


Shunt 


Ion  /     '■ 
Ground  Rod      --,  >// 


To  Launch  Control 


Figure  A.  10:  Diagram  of  connections  at  Pole  17  of  the  horizontal  configuration  dis- 
tribution hne,  summer  2000. 
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500  il  Termination  resistors 


Shielded  Coaxial  Cable 

Fiber  Optic  Cable 

To  Launch  Control 


Ground  Rod 


Figure  A.  11:  Diagram  of  connections  at  Pole  18  of  the  horizontal  configuration  dis- 
tribution line,  summer  2000. 


APPENDIX  B 
SENSORS 


B.l      Voltage  Dividers 

The  voltage  divider  (also  known  as  potential  divider)  is  a  device  used  to  allow 
the  measurement  of  a  small  fraction  of  the  total  voltage  waveform,  that  fraction 
faUing  within  the  range  of  the  recording  device.  This  device  usually  consists  of  two 
impedances  in  series,  the  high  and  the  low  voltage  arms.  There  exist  many  types 
of  voltage  dividers,  including  the  resistive  voltage  divider,  capacitive  voltage  divider, 
and  mixed  voltage  divider.^  Each  of  these  voltage  dividers  has  its  area  of  apphcation 
(Khalifa  [1990]).  The  most  widely  used  method  to  measured  high  voltage  pulses  is 
the  impulse  voltage  divider  (Creed  [1989]). 

B.1.1     Resistive  Voltage  Dividers 

The  simplest  voltage  divider  consists  of  resistors  connected  in  series,  as  shown  in 
Figure  B.l.  To  improve  the  upper  frequency  response  of  this  device,  the  high  voltage 
resistor  {Rhv  =  J2'i=i  ^i)  is  built  with  two  long  wires  counterwound  on  an  insulator 
(minimizing  the  overall  inductance  of  the  high  voltage  resistor).  Also,  the  low  voltage 
resistor  is  shielded  from  the  electric  field  by  placing  it  in  a  metal  box.  The  transfer 
function  of  this  divider  (neglecting  parasitic  capacitances  and  lead  inductances)  is 

^A  mixed  divider  has  both,  resistors  and  capacitors  connected  in  series  or  parallel  (Creed  [1989]). 
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K, 


CpHV2      ^     CpHVg2 


Cp 


HVgl 


CpHVn     ^    CpuVgn 


Figure  B.l:  High  frequency  circuit  diagram  of  a  resistive  voltage  divider 


given  by: 


K 


out 


R 


LV 


(B.l) 


Vin  {RlV  +  Rhv) 

The  presence  of  parasitic  capacitances  {Cpnvi,  Cpuvgi  and  Cpiv)  and  lead  induc- 
tances (not  shown  in  Figure  B.l)  in  this  divider  makes  the  transfer  function  (B.l)  fre- 
quency dependent.  At  high  frequencies,  the  distributed  parasitic  capacitance  {Cpnvi 
and  CpHVgi)  on  the  high  voltage  resistor  (Rhv),  the  parasitic  capacitance  (Cpiv)  on 
the  low  voltage  resistor  {Rlv),  and  the  inductance  of  the  high  and  low  voltage  resis- 
tors limit  the  upper  frequency  response  of  this  device.  These  parameters  are  not  easy 
to  determine,  so  the  voltage  dividers  need  to  be  tested  to  determine  their  frequency 
response.  For  voltage  dividers  with  high  attenuation,  this  is  a  difficult  task  because 
of  the  need  for  a  very  high  voltage,  high  frequency  source  to  produce  measurable, 
realistic  output  signals  above  threshold. 
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B.1.2     Mixed  Dividers 

To  avoid  problems  generated  by  parasitic  capacitances  (as  explained  in  sec- 
tion B.1.1),  a  combination  of  resistors  and  capacitors  can  be  used,  as  shown  in  Fig- 
ure B.2  (i?j.  and  Re  can  be  added  since  they  are  connected  in  series,  and  considered 
as  a  single  resistor).  The  dotted  square  on  the  left  side  of  Figure  B.2  represents  the 


h 

Rc< 
< 

> 
> 

> 

Vout 

Figure  B.2:  Capacitive-Compensated  Voltage  Divider 


actual  divider,  while  the  dotted  square  on  the  right  side  represents  the  characteristic 
impedance  of  a  coaxial  cable  terminated  in  a  5011  load  {Re).  The  50 fi  characteris- 
tic impedance  of  a  coaxial  cable  needs  to  be  taken  into  account  when  choosing  the 
value  of  Rx-  The  idea  of  the  capacitive-compensated  voltage  divider  is  to  minimize 
the  effects  of  parasitic  capacitances  (Section  B.1.1).  If  Ci  and  C2  are  considerably 
larger  than  the  parasitic  capacitances  (usually  few  pF)  across  resistors  Ri  and  R^, 
the  parasitics  will  not  have  much  effect  on  the  divider  frequency  response,  improving 
the  upper  frequency  response  of  the  device.  The  voltage  Vx  in  Figure  B.2  is  given  by: 


K 


{Rx  +  Rc){RiCi  S  +  I) 


V,n        R1R1C2  S  +  R,+  Ri{Rx  +  Rc)C2  S+iRx+  Re) 


(B.2) 
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and  Vout  is  given  in  terms  of  14  as: 

V(mt  Re 


Vx      Rx  +  Re 


(B.3) 


If  we  consider  the  case  in  which  RiCi  =  {R^  +  Rc)C2,  and  combine  (B.2)  and  (B.3), 
we  obtain  a  transfer  function  which  is  not  frequency  dependent: 


v^OTit  Re 


Vin  {Rl  +  Rx  +  Re) 


(B.4) 


The  inductance  of  the  high  voltage  arm  hmits  the  response  of  these  mixed  dividers 
(see  Mata  et  al.  [1999b]).  ;     ;- 
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B.2     Anti- Aliasing  Filters 


The  circuit  diagram  of  the  anti-aliasing  filters  used  on  the  experiments  of  summer 
of  1999  is  shown  in  Figure  B.3.  The  frequency  response  of  this  filter  is  shown  in 
Figure  B.4.  Each  filter  was  tested^  and  its  frequency  response  measured.  These 
results  are  given  in  Table  B.l.  Each  filter  was  assigned  to  a  specific  ISOBE  as  follows: 


ISOBE 

1 

6 

9 

11 

13 

16 

18 

20 

22 

3000R2 

3000R4 

3000R6 

3000R8 


Filter  # 

18 

14 

07 

20 

04 

13 

02 

01 

05 

06 

15 

09 

03 


ISOBE 

2 

7 

10 

12 

14 

17 

19 

21 

3000R1 

3000R3 

3000R5 

3000R7 


Filter  # 
21 
25 

22     . 
08 
17      ;: 

19 
10 
24 
11 
16 

12 
23 


^The  test  consisted  of  a  signal  generator  with  an  output  impedance  of  50  fl  feeding  the  filter  with 
a  load  of  50  fl  connected  to  the  output  of  the  filters.  The  magnitude  of  the  voltage  at  the  output 
of  the  filters  was  measured  as  the  frequency  of  the  signal  generator  was  increased  from  300  kHz  to 
15  MHz. 

^The  value  in  parenthesis  indicates  the  commercially  available  values  used  to  achieve  the  desired 
value. 
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2.7/xH 


2.7/iH 


Vir 


400  pF 

(390  pF) 


1320  pF  - 

(lnF+330pFf 


400  pF 

(390  pF) 


50  Jl 


Vc^i 


Figure  B.3:  Circuit  diagram  of  the  5  MHz  anti-aliasing  filters."^ 


Table  B.l:  Measured  frequency  response  of  the  anti-aliasing  filters  in  volts  for  a  2-V 
input  signal. 


Filter 

Frequency 

300  kHz 

IMHz 

3  MHz 

4  MHz 

5  MHz 

6  MHz 

7  MHz 

10  MHz 

15  MHz 

#  1 

1.0 

1.0 

0.934 

0.850 

0.617 

0.340 

0.175 

0.0287 

0.0030 

#2 

1.0 

1.0 

0.940 

0.852 

0.609 

0.330 

0.165 

0.0271 

0.0033 

#3 

1.0 

1.0 

0.934 

0.846 

0.620 

0.337 

0.176 

0.0293 

0.0032 

#4 

1.0 

1.0 

0.936 

0.856 

0.645 

0.373 

0.195 

0.0326 

0.0040 

#5 

1.0 

1.0 

0.930 

0.846 

0.606 

0.328 

0.168 

0.0280 

0.0031 

#6 

1.0 

1.0 

0.930 

0.846 

0.617 

0.340 

0.176 

0.0290 

0.0032 

#7 

1.0 

1.0 

0.930 

0.862 

0.637 

0.353 

0.181 

0.0296 

0.0031 

#8 

0.992 

0.996 

0.912 

0.824 

0.595 

0.330 

0.171 

0.0284 

0.0003 

#9 

0.992 

0.990 

0.912 

0.828 

0.609 

0.350 

0.180 

0.0308 

0.0002 

#10 

0.992 

0.990 

0.912 

0.820 

0.593 

0.330 

0.167 

0.0286 

0.0004 

#11 

0.992 

0.990 

0.914 

0.820 

0.598 

0.335 

0.168 

0.0288 

0.0004 

#12 

0.992 

0.990 

0.912 

0.828 

0.609 

0.341 

0.173 

0.0296 

0.0010 

#13 

0.992 

0.990 

0.908 

0.834 

0.620 

0.345 

0.176 

0.0298 

0.0005 

#  14 

0.992 

0.990 

0.908 

0.830 

0.618 

0.347 

0.180 

0.0310 

0.0003 

#15 

0.992 

0.990 

0.908 

0.830 

0.609 

0.338 

0.172 

0.0296 

0.0007 

#16 

0.992 

0.990 

0.908 

0.820 

0.596 

0.327 

0.167 

0.0285 

0.0008 

#17 

0.992 

0.990 

0.908 

0.820 

0.601 

0.332 

0.170 

0.0288 

0.0010 

#18 

0.992 

0.990 

0.906 

0.820 

0.606 

0.338 

0.172 

0.0300 

0.0004 

#19 

0.992 

0.990 

0.906 

0.820 

0.604 

0.330 

0.168 

0.0285 

0.0004 

#20 

0.992 

0.990 

0.906 

0.818 

0.604 

0.328 

0.168 

0.0282 

0.0010 

#21 

1.006 

1.006 

0.934 

0.864 

0.696 

0.435 

0.230 

0.0398 

0.0046 

#22 

1.006 

1.006 

0.928 

0.864 

0.685 

0.412 

0.213 

0.0362 

0.0045 

#23 

1.006 

1.006 

0.936 

0.874 

0.714 

0.445 

0.234 

0.0410 

0.0051 

#24 

1.006 

1.006 

0.928 

0.862 

0.706 

0.448 

0.240 

0.0492 

0.0051 

#25 

1.006 

1.002 

0.936 

0.878 

0.708 

0.437 

0.225 

0.0378 

0.0040 
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Figure  B.4:  Theoretical  frequency  response  of  the  5  MHz  anti-aliasing  filters. 
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APPENDIX  C 
CONFIGURATIONS  AND  INSTRUMENTATION  SETTINGS 


C.l      1999  Configurations 

In  1999,  the  test  distribution  line  was  subjected  to  direct  lightning  strikes  under 
four  different  configurations. 

C.1.1     Configuration  FPL-A-99 

The  circuit  diagram  for  this  configuration  is  shown  in  Figure  C.l.  A  total  of  17 
measurement  locations  were  installed  on  the  distribution  line  (See  Table  C.l).  Single- 
impulse  6.2  kJ  rated  433  Q  termination  resistors  assembled  by  UF  were  installed  on 
each  phase  at  each  termination  pole.  These  resistors  were  composed  of  13  sections 
(connected  in  series)  of  six  200  kfi,  80  J,  Ohmite  single-impulse  resistors  connected  in 
parallel. 

The  down-lead  from  the  tower  was  connected  to  the  phase  C  conductor  at  the 
mid-point  between  poles  9  and  10.  A  total  of  three  nylon  cords  were  used  to  keep 
the  separation  of  the  conductors  close  to  nominal  since  the  tension  of  the  down-lead 
from  the  tower  launcher  pulled  the  connected  conductor  apart  from  the  others.  Two 
nylon  cords  were  used  between  phases  C  and  B,  each  cord  being  approximately  at 
a  distance  of  2  m  on  each  side  from  the  strike  point.  A  third  nylon  cord  was  used 
between  phase  B  and  A  at  a  distance  of  2  m  on  the  east  side  of  the  striking  point. 
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C.1.2     Configuration  FPL-B-99 

This  configuration  is  illustrated  in  Figure  C.2.  A  total  of  14  measurement  instru- 
ments were  installed  on  the  line  (See  Table  C.2).  The  down-lead  from  the  tower  was 
connected  to  the  phase  C  conductor  at  the  mid-point  between  poles  9  and  10,  as  in 
configuration  FPL-A-99.  No  termination  impedances  were  installed  on  the  line,  so 
for  this  particular  event,  the  line  was  left  open-circuited. 

C.1.3     Configuration  FPL-C-99 

■  The  circuit  diagram  for  this  configuration  is  shown  in  Figure  C.3.  A  total  of  24 
measurement  instruments  were  installed  on  the  distribution  line  (See  Table  C.3).  The 
down-lead  from  the  tower  was  connected  to  the  phase  B  conductor  at  the  mid-point 
between  poles  9  and  10.  A  total  of  three  nylon  cords  were  used  to  keep  the  tension  off 
the  phase  B  conductor.  A  nylon  cord  was  used  between  the  downlead  from  the  tower 
launcher  and  the  neutral  of  the  horizontal  configuration  distribution  line.  The  down- 
lead from  the  tower  launcher  was  connected  (from  bellow)  to  phase  B  with  an  angle  of 
45  °.  Two  additional  nylon  cords  were  connected  between  Phase  B  and  Phase  A  each 
being  approximately  2  m  on  each  side  from  the  strike  point.  25  kJ,  500^2  resistors 
were  connected  on  each  phase  at  the  termination  poles  in  parallel  to  16  mH  induc- 
tors. The  25  kJ,  500  Q  termination  resistors  are  wirewound  resistors  manufactured  by 
Power  Technologies,  Inc.  (PTI).  The  16  mH  inductors  were  manufactured  by  UF  and 
their  purpose  was  to  protect  the  terminating  resistors  from  the  continuing  current  by 
providing  a  preferred  path  to  ground  for  the  low- frequency  low-level  currents. 

C.1.4     Configuration  FPL-D-99 

This  configuration  was  the  same  as  configuration  FPL-C  with  the  difference  that 
voltage  measuring  instruments  at  the  middle  of  the  line  were  removed.   The  circuit 
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diagram  for  this  configuration  is  shown  in  Figure  C.4.    A  total  of  21  measurement 
locations  were  installed  on  the  distribution  line  (See  Table  C.4). 

C.2      2000  Configurations 

In  2000,  the  horizontal  distribution  line  configuration  was  exposed  to  triggered 
lightning  under  three  different  configurations. 

C.2.1     Configuration  FPL-A-00 

This  configuration  is  illustrated  in  Figure  C.6.  The  down-lead  from  the  tower 
was  connected  to  phase  C  of  the  horizontal  configuration  (mid-point  between  poles 
9  and  10).  A  nylon  cord  (attached  to  phase  A  of  the  vertical  configuration  line) 
pulled  the  down-lead  from  the  tower  to  keep  the  tension  oflF  phase  C  of  the  horizontal 
configuration.  Ohio  Brass  PDV  100  18-kV  MOV  arresters  were  installed  at  poles  8  and 
11,  and  Cooper  UltraSIL  Housed  VariSTAR  Heavy  Duty  18-kV  MOV  arresters  were 
installed  at  poles  2,  5,  14,  and  17  (Section  3.2.2).  High  energy  dissipation  resistors 
(manufactured  by  High  Power  Technologies)  where  used  as  terminating  resistors  in 
the  line: 

•  Pole  1: 

-  Phase  A:  single  524  Q,  1.25  MJ  enclosed  in  PVC  housing. 

-  Phase  B:  single  510  fi,  1.25  MJ  enclosed  in  PVC  housing. 

-  Phase  C:  1027  f)  and  964^2  resistors  connected  in  parallel,  1.75  MJ  (each) 
immersed  in  oil  and  enclosed  in  PVC  housing. 

•  Pole  18: 

-  Phase  A:  single  506  fl,  1.25  MJ  enclosed  in  PVC  housing. 
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-  Phase  B:  single  480  f),  1.25  MJ  enclosed  in  PVC  housing. 

-  Phase  C:  1051  Q  and  911  f)  resistors  connected  in  parallel,  1.75  MJ  (each) 
immersed  in  oil  and  enclosed  in  PVC  housing. 

C.2.2     Configuration  FPL-B-00 

Same  as  configuration  FPL-A-00  with  the  strike  point  located  at  phase  C,  Pole  9. 
C.2.3     Configuration  FPL-C-00 

The  down-lead  from  the  tower  was  connected  to  phase  A  of  the  vertical  configu- 
ration at  pole  8  (mid-point  between  arrester  stations  at  poles  6  and  10).  Ohio  Brass 
PDV  100  18-kV  MOV  arresters  were  installed  at  poles  6  and  10,  and  Cooper  UltraSIL 
Housed  VariSTAR  Heavy  Duty  18-kV  MOV  arresters  were  installed  at  poles  2,  and 
14  (Section  3.2.2).  The  same  high  energy  dissipation  resistors  used  in  the  previous 
configurations  were  used  as  terminating  resistors  in  the  line: 

•  Pole  1: 

-  Phase  A:  1027  0  and  96417  resistors  connected  in  parallel,  1.75  MJ  (each) 
immersed  in  oil  and  enclosed  in  PVC  housing. 

-  Phase  B:  single  510  f^,  1.25  MJ  enclosed  in  PVC  housing. 

-  Phase  A:  single  524  f],  1.25  M J  enclosed  in  PVC  housing. 

•  Pole  15: 

-  Phase  A:  1051  O  and  911  Q,  resistors  connected  in  parallel,  1.75  MJ  (each) 
immersed  in  oil  and  enclosed  in  PVC  housing. 

-  Phase  B:  single  48017,  1.25  M J  enclosed  in  PVC  housing. 

-  Phase  C:  single  5061),  1.25  MJ  enclosed  in  PVC  housing. 
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The  following  is  a  list  of  abbreviations  and  concepts  used  in  the  tables  in  this 
appendix. 

LC  LeCroy  Scope  P90  Pro  90  Nicolet  Scope 

MP  Multipro  Nicolet  Scope  Att.  Attenuation 

MS  Megashunt  Ch  Channel 

MT  Magnetic  Tape  Recorder 

Fiber:  this  is  the  fiber  label  of  the  form  XXX- YY,  where  XXX  is  the  length 

of  the  fiber  in  meters  (this  is  not  true  for  all  fibers  since  some  of  them 
have  been  cut  and  reterminated),  and  YY  a  unique  ID. 

Ratio:  this  indicates  the  ratio  of  V/V  and  V/A  for  voltage  and  current  sensors, 

respectively. 

Range:  the  range  is  obtained  as  follows:  Setting/  [Ratio  x  iQ-^^/^o^ 
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Table  C.6:  Instrumentation  settings  for  flashes  FPLOOll  and  FPL0014  (see  also  Ta- 
ble C.5  and  Figure  C.6). 


ID 

Sensitivity  per 
quantization  level 

Scope  Range 

Sampling 
Rate 

Max. 

Min. 

h 

143.2  A/level 

32.1  kA 

-4.6  kA 

25  MHz 

Imi 

71.6  A/level 

16.0  kA 

-2.3  kA 

25  MHz 

lu 

10.7  A/level 

2.4  kA 

-0.3kA 

20  MHz 

ICNI 

1.2  A/level 

40.0  A 

-0.3  kA 

20  MHz 

Igi 

8.6  A/level 

273.9  A 

-1.9kA 

10  MHz 

In2 

12.5  A/level 

400.0  A 

-2.8  kA 

20  MHz 

Ig2 

9.0  A/level 

287.6  A 

-2.0  kA 

10  MHz 

IcNb 

14.1  A/level 

450.9  A 

-3.2kA 

20  MHz 

Ia5 

6.3  A/level 

801.9A 

-0.8  kA 

20  MHz 

Ib, 

6.3  A/level 

801.9A 

-0.8kA 

25  MHz 

IC5 

14.1  A/level 

450.9  A 

-3.2kA 

20  MHz 

Ig5 

20.0  A/level 

641.3A 

-4.5kA 

10  MHz 

Ians 

12.5  A/level 

400.0  A 

-2.8  kA 

25  MHz 

IbN8 

12.5  A/level 

400.0  A 

-2.8kA 

20  MHz 

Ion?. 

50.0  A/level 

1.6kA 

-11.2kA 

10  MHz 

Vans 

459.1  V/level 

14.7  kV 

-102.8  kV 

25  MHz 

VsN^ 

459.1  V/level 

14.7kV 

-102.8  kV 

20  MHz 

VcNd. 

459.1  V/level 

14.7  kV 

-102.8  kV 

10  MHz 

Ins 

17.7  A/level 

565.0  A 

-4.0  kA 

20  MHz 

Vqbs 

884.9  V/level 

28.3  kV 

-198.2  kV 

10  MHz 

Ig8 

61.5  A/level 

2.0  kA 

-13.8  kA 

10  MHz 

Ia9 

6.3  A/level 

801.9A 

-0.8  kA 

25  MHz 

Ib9 

6.3  A/level 

801.9A 

-0.8  kA 

25  MHz 

IC9 

50.0  A/level 

1.6  kA 

-11.2kA 

20  MHz 

ICNU 

50.0  A/level 

1.6  kA 

-11.2  kA 

20  MHz 

VcNU 

459.1  V/level 

14.7kV 

-102.8  kV 

20  MHz 

Igu 

60.6  A/level 

1.9  kA 

-13.6  kA 

10  MHz 

ICNIA 

14.1  A/level 

450.9  A 

-3.2  kA 

20  MHz 

Igu 

20.1  A/level 

643.6  A 

-4.5kA 

10  MHz 

IcNn 

12.5  A/level 

400.0  A 

-2.8  kA 

20  MHz 

Ian 

8.8  A/level 

283.2  A 

-2.0  kA 

10  MHz 

Igi8 

8.6  A/level 

275.5  A 

-1.9kA 

10  MHz 

.£1 
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Table  C.8:  Instrumentation  settings  for  flash  FPL0018  (see  also  Table  C.7  and  Fig- 
ure C.6). 


ID 

Sensitivity  per 
quantization  level 

Scope  Range 

Sampling 
Rate 

Max. 

Min. 

/. 

143.2  A/level 

32.1  kA 

-4.6  kA 

25  MHz 

iMi 

71.6  A/level 

16.0  kA 

-2.3kA 

25  MHz 

lu 

12.5  A/level 

2.6  kA 

-0.6  kA 

20  MHz 

ICNI 

1.2  A/level 

40.0  A 

-0.3  kA 

20  MHz 

Igx 

9.6  A/level 

307.3  A 

-2.2  kA 

20  MHz 

IcN2 

15.6  A/level 

1.2  kA 

-2.8  kA 

20  MHz 

In2 

12.5  A/level 

400.0  A 

-2.8  kA 

20  MHz 

Ig2 

10.1  A/level 

322.7  A 

-2.3  kA 

20  MHz 

IcNh 

17.6  A/level 

1.4  kA 

-3.2  kA 

20  MHz 

Ia, 

11.7  A/level 

1.5  kA 

-1.5kA 

20  MHz 

Ib, 

11.7  A/level 

1.5  kA 

-1.5kA 

25  MHz 

IC5 

14.1  A/level 

450.9  A 

-3.2  kA 

20  MHz 

Ig5 

20.0  A/level 

641. 3A 

-4.5  kA 

20  MHz 

IaN8 

23.4  A/level 

3.0  kA 

-3.0kA 

25  MHz 

^BNS 

23.4  A/level 

3.0  kA 

-3.0  kA 

20  MHz 

IcN8 

50.0  A/level 

1.6  kA 

-11.2kA 

20  MHz 

Vans 

860.8  V/level 

110.2kV 

-110.2  kV 

25  MHz 

Vbns 

860.8  V/level 

110.2kV 

-110.2  kV 

20  MHz 

VcNs 
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Table  CIO:  Instrumentation  settings  for  flashes  FPL0032,  FPL0033,  FPL0034,  and 
FPL0036  (see  also  Table  C.9  and  Figure  C.6). 


ID 

Sensitivity  per 
quantization  level 

Scope  Range 

Sampling 
Rate 

Max. 

Min. 

/. 

285.7  A/level 

64.0  kA 

-9.1  kA 

25  MHz 

Imi 

85.7  A/level 

19.2  kA 

-2.7kA 

25  MHz 

lu 

17.9  A/level 

4.0  kA 

-0.6  kA 

20  MHz 

ICN\ 

1.2  A/level 

40.0  A 

-0.3  kA 

20  MHz 

hi 

9.6  A/level 

307.3  A 

-2.2  kA 

20  MHz 

IcN2 

15.6  A/level 

1.2kA 

-2.8  kA 

20  MHz 

In2 

12.5  A/level 

400.0  A 

-2.8  kA 

20  MHz 

^2 

10.1  A/level 

322. 7A 

-2.3kA 

20  MHz 

IcNh 

17.6  A/level 

1.4  kA 

-3.2  kA 

20  MHz 

Ia, 

11.7  A/level 

1.5kA 

-1.5  kA 

20  MHz 

Ibs 

11.7  A/level 

1.5  kA 

-1.5kA 

25  MHz 

IC6 

14.1  A/level 

450.9  A 

-3.2  kA 

20  MHz 

Ig5 

20.0  A/level 

641.3A 

-4.5  kA 

20  MHz 

J^ANS 

23.4  A/level 

3.0kA 

-3.0kA 

25  MHz 

IbN8 

23.4  A/level 

3.0  kA 

-3.0kA 

20  MHz 

ICN8 

50.0  A/level 

1.6  kA 

-11.2kA 

20  MHz 

Vans 

860.8  V/level 

110.2kV 

-110.2kV 

25  MHz 

Vbn8 

860.8  V/level 

110.2kV 

-110.2kV 

20  MHz 

VcNS 

573.9  V/level 

44.1  kV 

-102.8  kV 

20  MHz 

In8 

17.7  A/level 

565.0  A 

-4.0kA 

20  MHz 

VcB8 

1659.2  V/level 

212.4kV 

-212.4kV 

20  MHz 

hs 

61.5  A/level 

2.0  kA 

-13.8kA 

20  MHz 

^A9 

11.7  A/level 

1.5  kA 

-1.5kA 

25  MHz 

Ib9 

11.7  A/level 

1.5kA 

-1.5kA 

25  MHz 

IC9 

62.9  A/level 

2.0  kA 

-14.1  kA 

20  MHz 

ICNW 

62.5  A/level 

4.8  kA 

-11.2  kA 

20  MHz 

VcTVll 

573.9  V/level 

44.1  kV 

-102.8  kV 

20  MHz 

Igii 

60.6  A/level 

1.9  kA 

-13.6kA 

20  MHz 

IcNli 

17.6  A/level 

1.4  kA 

-3.2kA 

20  MHz 

Ig14 

20.1  A/level 

643.6  A 

-4.5kA 

20  MHz 

IcNn 

15.6  A/level 

1.2  kA 

-2.8  kA 

20  MHz 

Ig17 

12.5  A/level 

400.0  A 

-2.8  kA 

20  MHz 

Ig18 

12.2  A/level 

389.1  A 

-2.7kA 

20  MHz 
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Table  C.12:  Instrumentation  settings  for  flash  FPL0037  (see  also  Table  C.U  and 
Figure  C. 7). 


ID 

Sensitivity  per 
quantization  level 

Scope  Range 

Sampling 
Rate 

Max. 

Min. 

/, 

285.7  A/bit 

64.0  kA 

-9.1  kA 

25  MHz 

Imi 

85.7  A/bit 

19.2  kA 

-2.7kA 

25  MHz 

lu 

17.9  A/bit 

4.0kA 

-0.6  kA 

20  MHz 

icNl 

1.2  A/bit 

40.0  A 

-0.3  kA 

20  MHz 

Igx 

9.6  A/bit 

307.3  A 

-2.2  kA 

20  MHz 

IcN2 

15.6  A/bit 

1.2kA 

-2.8kA 

20  MHz 

In2 

12.5  A/bit 

400.0  A 

-2.8  kA 

20  MHz 

Ig2 

10.1  A/bit 

322. 7A 

-2.3  kA 

20  MHz 

IcNh 

17.6  A/bit 

1.4  kA 

-3.2  kA 

20  MHz 

Ia5 

11.7A/bit 

1.5  kA 

-1.5  kA 

20  MHz 

Ib, 

11.7A/bit 

1.5kA 

-1.5kA 

25  MHz 

IC5 

14.1  A/bit 

450.9  A 

-3.2kA 

20  MHz 

Ig5 

20.0  A/bit 

641. 3A 

-4.5  kA 

20  MHz 

IaN8 

23.4  A/bit 

3.0  kA 

-3.0  kA 

25  MHz 

IbN8 

23.4  A/bit 

3.0  kA 

-3.0  kA 

20  MHz 

ICN8 

50.0  A/bit 

1.6kA 

-11.2kA 

20  MHz 

Vans 

860.8  V/bit 

110.2kV 

-110. 2kV 

25  MHz 

VbN8 

860.8  V/bit 

110. 2kV 

-110.2kV 

20  MHz 

VcNs 

573.9  V/bit 

44.1  kV 

-102.8  kV 

20  MHz 

Ins 

17.7  A/bit 

565.0  A 

-4.0kA 

20  MHz 

VCBS 

1659.2  V/bit 

212.4  kV 

-212.4  kV 

20  MHz 

Ig8 

61.5  A/bit 

2.0  kA 

-13.8  kA 

20  MHz 

Ia9 

11.7A/bit 

1.5  kA 

-1.5kA 

25  MHz 

Ib9 

11.7  A/bit 

1.5  kA 

-1.5kA 

25  MHz 

IC9 

62.9  A/bit 

2.0  kA 

-14.1  kA 

20  MHz 

I  GNU 

62.5  A/bit 

4.8  kA 

-11.2kA 

20  MHz 

Vc;vii 

573.9  V/bit 

44.1  kV 

-102.8  kV 

20  MHz 

Igu 

60.6  A/bit 

1.9  kA 

-13.6kA 

20  MHz 

ICNIA 

17.6  A/bit 

1.4kA 

-3.2  kA 

20  MHz 

Ig\4 

20.1  A/bit 

643.6  A 

-4.5  kA 

20  MHz 

ICN 17 

15.6  A/bit 

1.2kA 

-2.8  kA 

20  MHz 

Igu 

12.5  A/bit 

400.0  A 

-2.8kA 

20  MHz 

Igi8 

12.2  A/bit 

389.1  A 

-2.7kA 

20  MHz 

his 

4.3  A/bit 

960.0  A 

-0.1  kA 

500  kHz 

IcNSs 

5.0  A/bit 

160.0  A 

-l.lkA 

500  kHz 

VcNSs 

573.9  V/bit 

44.1  kV 

-102.8  kV 

500  kHz 

IcNUs 

7.5  A/bit 

1.7kA 

-0.2  kA 

500  kHz 
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APPENDIX  D 
DESCRIPTION  OF  THE  ELECTROMAGNETIC  TRANSIENT  PROGRAM 

-     ^  (EMTP) 


The  Electromagnetic  Transients  Program  (EMTP)  is  a  time-domain  circuit- 
analyzing  program  originally  developed  for  modeling  power  systems  (Dommel  [1986]). 
EMTP  has  its  origin  at  the  Bonneville  Power  Administration  (BPA),  which  led  EMTP 
development  for  more  than  a  decade.  The  developments  were  in  the  public-domain, 
and  the  program  was  given  freely  to  any  interested  party.  In  1984,  a  new  version  of 
EMTP  known  by  the  acronym  ATP  (Alternative  Transient  Program)  evolved  follow- 
ing an  attempt  of  commercialization  of  the  EMTP  by  the  Electric  Power  Research 
Institute  (EPRI)  and  the  EMTP  Development  Coordination  Group  (DCG).  EMTP  in 
this  study  actually  refers  to  the  ATP  version  of  EMTP.  ATP  materials  are  royalty-free 
for  those  who  have  not  participated  in  "EMTP  commerce" ,  but  they  are  not  public- 
domain  in  nature  (Alternative  Transient  Program  (ATP)  Rule  Book  [1987-1998]). 
D.l     Lumped  and  Distributed  Elements  in  EMTP 

The  EMTP  uses  the  trapezoidal  rule^  to  integrate  the  ordinary  differential  equa- 
tions describing  the  transient  behavior  of  electric  elements.  Node  voltages  are  used 
as  state  variables,  therefore  it  is  necessary  to  express  the  branch  currents  as  functions 
of  the  node  voltages.  We  know  examine  the  equations  of  the  basic  elements  of  the 
EMTP  (i.g.,  resistor,  inductor,  capacitor,  and  lossless  transmission  line). 

^The  trapezoidal  rule  states  that  J^  f{x)dx  =  |  /(a)  +  f{b)  +  2  ^"Zj  /(a;*,)  +  i?„,  with  n  an 
integer  (even  or  odd),  h  =  {b  -  a)/n,  Xk  =  a  +  kh  for  k  =  0, 1,  2, . . . ,  n,  and  the  remainder  term 
Rn  =  -n/i3/(2'(0/12  for  some  ^  such  that  a<  ^  <b  (Abramowitz  and  Stegun  1972;  Jeffrey  1995). 
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D.1.1     Resistor 

The  equation  of  the  resistor  is  given  by  (D.l),  and  its  impedance  equivalent  net- 
work is  shown  in  Figure  D.la.  -' 

.     ..^     Vkjt)  -  Vmjt)  '       mn 

D.l. 2     Inductor 

In  the  case  of  an  inductor  we  have: 


Vkit)  -  v^t)  =  L^^^  (D.2) 


which  must  be  integrated  from  the  known  state  at  t  —  At  to  the  unknown  state  t  in 
order  to  find  Zjt,m(0" 

1    /" 

ik,m{t)  =  ik,m{t  -At)  +  -  {Vk{t)  -  Vm{t))  dt  (D.3) 

using  the  integration  trapezoidal  rule,  (D.3)  can  be  rewritten  as: 


ikAt)  =  ^(^fcW  -  ^-W)  +  ^k,m[-t  -  At)  (D.4) 


where  the  equivalent  current  source  Ik^m  is  known  from  the  past  history  and  given 
by  (D.5).  The  impedance  equivalent  network  corresponding  to  (D.4)  is  shown  in 
Figure  D.lb. 


h,m{t  -  At)  =  ik,m{t  -  At)  +  ^{Vk{t  -  At)  -  Vm{t  -  At))  (D.5) 
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D.1.3     Capacitor 


In  the  case  of  a  capacitor  we  have  the  equation: 


h,m{t) 


1   d{Vk{t)  -  Vm{t)) 


c 


dt 


(D.6) 


which  must  be  also  integrated  from  the  known  state  at  t  —  At  to  the  unknown  state 
t  in  order  to  find  Vk{t)  —  Vm{t): 

Vk{t)  -  Vm{t)  =  -  /       ik,m{i)  dt  +  Vk{t  -  At)  -  Vm{t  -  At)  (D.7) 

Equation  (D.7)  can  be  integrated  one  more  time,  using  the  trapezoidal  rule,  to  yield: 


2(7 


(D.8) 


where  the  equivalent  current  source  Ik,m  is  known  from  the  past  history  and  given 
by  (D.9).  The  impedance  equivalent  network  corresponding  to  (D.8)  is  shown  in 
Figure  D.lc. 


2(7 

h,m{t  -  At)  =  -IkUi  -  ^t)  -  ^(^fc(^  -  ^^)  -  ""rnit  -  At))  (D.9) 


a) 

k,m{t) 


Vk{t) 


R 


b) 


c) 


C 


If- 


Vm{t) 


h,m{t-At) 
ik,m{t) 


Vk{t) 


2L 
At 


Ik,m{t-At) 
ik,m{t) 

Vm{t)        Vk{t) 


Vm{t) 


Figure  D.l:  Equivalent  impedance  network  for:  a)  resistor;  b)  inductor;  c)  capacitor. 
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D.1.4     Lossless  Transmission  Line 

For  a  lossless  transmission  line  with  inductance  L'  and  capacitance  C"  per  unit 
length  we  can  write  (Sadiku  1992):  . 

dx  dt 

The  general  solution  of  the  system  of  partial  differential  equations  (PDE)  given  by 
(D. 10  and  D. 11)  is: 

i{x,t)  =  f,{x-ut)  +  f2{x  +  ut)  (D.12) 

v{x,t)  =  Z h{x  -  ut)  -  Z  f2{x  +  ut)  (D.13) 

where  /i  and  /2  are  arbitrary  functions  of  the  variables  [x  —  vt)  and  {x  +  vt),  u  is  the 
phase  velocity  given  by  (D.14),  and  Z  is  the  surge  impedance  given  by  (D.15). 


V 


yjTJC' 


(D.14) 


^  =  V  ^  (D-15) 


If  we  multiply  (D.12)  by  Z  and  add  it  to  (D.13)  we  obtain  (D.16),  and  if  we  multiply 
(D.12)  by  Z  and  subtract  it  from  (D.13)  we  obtain  (D.17): 

v{x,t)-^Zi{x,t)=2Zfx{x-vt)  (D.16) 

v{x,  t)-Z  i{x,  t)  =  -2Z  /2(x  +  ut)  (D.17) 
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Note  that  in  (D.  16)  and  (D. 17),  v{x,t)+Z  i{x,t)  and  v{x,  t) - Z  i{x,t)  are  constants  for 
the  characteristics  of  the  PDE.^  But  {x  -  vt)  is  constant  to  an  observer  travehng  with 
a  forward  traveling  wave,  thus,  v{x,t)  +  Zi{x,t)  is  also  constant  to  him.  Similarly, 
[x  +  ut)  is  constant  to  an  observer  traveling  with  a  backward  traveling  wave,  thus, 
v[x,  t)  -  Z  i{x,  t)  is  also  constant  to  him.  If  the  travel  time  for  the  line  is: 


r  =  ^^dy/UC'  ■    -^  (D.18) 

u 


where  d  is  the  line  length,  then  v{x,t)  +  Zi{x,t)  encountered  by  the  observer  when 
he  leaves  node  m  at  time  t  -  t  must  still  be  the  same  when  he  arrives  at  node  k  at 
time  i,  that  is:  .  .;. ' 

Vm{t  -t)  +  Z  im,k{t  -t)=  Vk{t)  +  Z  {-ik,m{t))  (D.19) 

From  this  equation  follows  the  simple  two-port  equation  for  ik,m{t)  (see  Figure  D.2).^ 


ik,m  =  ^Vk{t)  +  hit  -  t)       -.  '     (D.20) 


and  similarly, 


im,k  =  ^Vm{t)  +  Imit  -  t)  '  (D.21) 


where  the  current  sources  Ik  and  Im  are  known  from  the  past  history  at  time  [t  —  T): 


h{t-r)  =  -^Vm{t-T)-imAt-^)  \    (D-22) 

Imit-T)^-^Vk{t-T)~ik,m{t-T)  (D.23) 


^The  characteristics  are  those  curves  on  which  the  solutions  of  the  PDE  are  constant,  in  this  case 
(x  —  ut)  =  Ci  and  {x  +  i/t)  =  C2  (where  Ci  and  C2  are  constants)  are  the  characteristics  of  the  PDE 
given  in  (D.IO)  and  (D.ll),  see  Berg  and  McGregor  [1966]. 

^In  this  derivation,  we  have  used  Dommel's  convention  for  the  direction  of  the  currents  and  waves, 
Dommel  [1969]. 
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Terminal  k 


a) 


Terminal  m 


ik,m{t) 


im,k{'t) 


Mt)   z 


Z      ^rn{t) 


b) 


n  h{t-T)  ut-T)  (\ 


Figure  D.2:  a)  Lossless  line  of  length  d;  b)  Equivalent  impedance  network  (adapted 
fromDommel  [1969]). 


D.2     Rigorous  Frequency-Dependent  Transmission  Line  Models 

Although  the  method  of  characteristics  discussed  in  Section  D.1.4  is  applicable  to 
lossy  lines,  the  ordinary  differential  equations  it  produces  are  not  directly  integrable 
(Branin  1967).  For  this  reason,  in  the  case  of  lossy  lines,  a  resistance  of  R/A  (where 
R  is  the  total  series  resistance  of  the  line)  is  connected  to  both  ends  and  R/2  in  the 
middle  of  the  Une,  as  shown  in  Figure  D.3.  The  lumped  resistance  approximation 
is  vahd  only  if  i?  <  Z,  and  should  therefore  not  be  used  if  the  resistance  is  high 
(Dommel  1986). 


2 


■M/V 


Lossless 
Line 


Lossless 
Line 


A/W 


Figure  D.3:  Equivalent  circuit  used  for  lossy  transmission  lines. 


The  frequency  dependence  of  the  transmission  line  parameters  is  the  result  of  con- 
sidering the  skin  effect  (Alternative  Transient  Program  (ATP)  Rule  Book  [1987-1998]; 


209 

Shneerson  1997),  and  the  ground  return  currents  (Carson  1926).  Several  sophisti- 
cated frequency-dependent  models  of  transmission  lines  are  available  in  the  EMTP 
(Meyer  and  Dommel  1974;  Semlyen  and  Dabuleanu  1975;  Ametani  1976,  Hauer  1981; 
Marti  1982;  Noda  et  al.  1996;  Noda  1997;  Noda  and  Ametani  1998),  the  most  rigorous 
of  which  are  the  J.  Marti  and  the  Noda  models.  These  last  two  are  described  in  the 
sections  D.2.1  and  D.2.2,  respectively. 

Budner  [1970]  proposed  one  of  the  first  frequency  dependent  line  models  in  which 
the  concept  of  weighting  functions  (highly  oscillatory)  was  used.  Snelson  [1972]  in- 
troduced a  change  of  variables  to  relate  currents  and  voltages  in  the  time  domain,  in 
a  way  that  is  analogous  to  Bergeron's  interpretation  of  the  simplified  wave  equations. 
This  idea  was  further  developed  by  Meyer  and  Dommel  [1974]  and  resulted  in  a  new 
set  of  weighting  functions.  Carroll  and  Nozari  [1975]  presented  also  a  technique  sim- 
ilar to  the  adaptation  of  Bergeron's  method  that  used  simpler  weighting  functions, 
therefore  more  efficient.  Marti  [1982]  introduced  a  set  of  improved  weighting  functions 
(similar  to  the  work  of  Carroll  and  Nozari  [1975])  in  the  frequency  domain. 

D.2.1     J.  Marti  Frequency-Dependent  Transmission  Line  Model 

In  the  EMTP,  multiphase  lines  are  first  decoupled  through  modal  transformation 
matrices,  so  that  each  mode  can  be  studied  separately  as  a  single-phase  circuit.  The 
phase  equations  are  related  to  the  modal  equations  as  follows  (Power  System  Analysis 
ATP/EMTP  Short  Course  [1999]): 

[iphase]   =   [Ti][imodal]  (D.24) 

[Vphase]  =  [Tv][Vmodal]  (D.25) 


210 

where  [Tj]  and  [Ty]  are  the  current  and  voltage  transformation  matrices,  respectively. 
For  the  transformation  to  be  "power  invariant"  it  is  required  that: 

[T.f  =  mr'  (D.26) 

now,  if  we  consider  the  impedance  matrix, 

[■^p/iasej        [^phase\[''phase\ 
[-'■vli'^ modal]        [-^p/iasej  [-' ij  [^moda/J 

i^modall  ^^[-'fj        [^phase\[-''i\[^modal\ 

[Vmodal]  =[Zmodal]['i' modal]      ■      ■■  "  (D.27) 

where 

[^moda/]   =[2^j;]        [-^phase]  [^i]  '■-■  (D.28) 

The  resulting  [Zmodai]  matrix  is  symmetric  (choosing  the  right  [T^]  and  [Ty]).  Equation 
(D.27)  represents  a  set  of  decoupled  equations  {[Zmodai]  has  nonzero  terms  only  in  its 
main  diagonal).  The  problem  is  that  these  modal  transformation  matrices  are  fre- 
quency dependent.  Nevertheless,  as  concluded  by  Magnusson  [1973]  and  Wasley  and 
Selvavinayagamoorthy  [1974],  it  seems  that  it  is  still  possible  to  obtain  a  reasonably 
good  approximation  under  the  assumption  of  constant  transformation  matrices.^ 

When  the  frequency  dependence  of  the  line  parameters  and  the  distributed  nature 
of  the  losses  are  taken  into  account,  writing  the  solutions  of  the  line  equations  in  the 
time  domain  becomes  almost  impossible  (Marti  1982).   This  solution,  however,  can 

^In  this  ATP/EMTP  sub-routine,  the  user  needs  to  specify  the  frequency  at  which  the  treinsfor- 
mation  matrices  will  be  calculated.  ■  v  ' 


:■'■'■  'V-.    -'■  --  ,,r'r%i;->- 


'''^^•-'5  ■>"'*■■ 
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be  easily  obtained  in  the  frequency  domain  (Matick  1995): 

Vk{uj)  -  cosh.[){uj)l]Vm{u)  -  Z,[u)  siu\i[){u)l]Im,k{oj)  (D.29) 


and 


where 


hA^)  =  -|^sinh[7(a;)/]K.(^)  -  Z,{u)cos\vUu)l]ImA^)  (D.30) 


^,   ,         R'(uj)+juL'(uj)       ,  .    .    .         ,  /T^o1^ 

ZJoo)  =\   — 7-T ^  ,    ,      characteristic  impedance,  (U.di) 

^    ^      ^'  G'{uj)  +juC'{u) 


^(^uj)  =y/{R'{uj)  +  jujL'{u)){G'{u))  +  jujC'{uj))     propagation  constant       (D.32) 

Vfc  and  Ik,m  are  the  sending-end  voltage  and  current,  Vm  and  Im,k  the  receiving-end 
voltage  and  currents,  R' ,  L',  G' ,  and  C  are  the  series  resistance,  series  inductance, 
shunt  conductance,  and  shunt  capacitance  per  unit  length,  respectively.  The  J.  Marti 
model  differs  from  the  line  with  lumped  resistances  in  that  the  resistance  becomes 
truly  distributed  now.^ 

If  we  subtract  Zc  times  (D.30)  from  (D.29)  we  obtain  the  expression  as  if  we 
traveled  with  the  wave  from  node  m  to  node  k: 

Our  goal  is  to  take  (D.33)  into  an  expression  in  the  time  domain.  First  with  consider 
the  second  term  on  the  right  of  (D.33).  Let:  '■' 

Im,totaM  =    {^J^  +  ImA^)^         ,  •-"-  (D.34) 


^When  dealing  with  multiphase  hnes,  i?',  L',  G',  and  C"  are  matrices,  and  Vfc,  Ik,m^  Vm,  and 
Im,k  are  column  matrices. 
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and  let  7(0;)  =  a{uj)  +  jl3u,  so  that  we  define  the  propagation  factor: 

A{uj)  =  e"'^^^^  =  e-"'*^^'  e-^'^('")'  (D.35) 

which  consists  of  an  attenuation  factor  e""^'^^'  as  well  as  a  phase  shift  factor  e"''^^'^^'. 
The  time  domain  form  of  A{io)  can  be  seen  as  a  "weighting  function"  a{t),  which 
acts  on  the  waves  propagating  on  the  Une.  Either  end  of  the  line  would  see  this  as 
weighting  of  history  terms.  This  weighting  of  history  at  the  other  end  of  the  line  is 
done  with  the  convolution  integral: 

im,totai{t  -  u)a{u)  du  (D.36) 

min 

where  Tmin  is  the  travel  time  of  the  fastest  wave,  T^ax  is  the  travel  time  of  the  slowest 
wave,  and  im,totai  is  the  time  domain  form  of  (D.34).  Now  that  we  have  already  taken 
the  second  term  on  the  right  of  (D.33)  to  the  time  domain,  let's  work  with  the  first 
term  {Vk{uj)lZ,{u)). 

As  first  suggested  by  Groschupf  [1976],  and  further  developed  by  Marti  [1981],  a 
frequency  dependent  impedance  {Zc{uj)  for  instance)  can  be  approximated  by  a  Foster- 
\  R  —  C  network.  Then  the  Une  seen  from  node  k  becomes  a  simple  R  —  C  network  in 
parallel  with  a  current  source  Ik,h  (Figure  D.4).  The  imphcit  integration  with  hnear 
interpolation  on  the  current  (as  explained  later)  can  be  applied  to  these  capacitances 
transforming  each  R  —  C  block  into  a  current  source  in  parallel  with  an  equivalent 
resistance.  In  the  solution  of  the  equivalent  network,  the  frequency  dependent  line  is 
simply  represented  by  a  constant  resistance  R^q  to  ground  in  parallel  with  a  current 
source  h^h  +  Ir-c- 

Marti  [1982]  showed  that  it  is  best  to  approximate  A{uj)  and  Zc{u>)  by  rational 

'^Note  that  Ik,h  is  given  by  (D.36)  and  Ir-c  is  given  by  (D.50). 


:.-v  —-^r-f    r  _^      -7m 
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a) 


b) 


ik,m{t) 


Ir^C  Mt)   R,,^       (\)h,h  +  lR-C 


Figure  D.4:  Frequency  dependent  line  representation  seen  from  line  end  A;;  a)  with  R— 
C  network;  b)  with  equivalent  resistance  after  applying  implicit  integration  (adapted 
from  Dommel  [1986])/ 


functions  in  the  frequency  domain.  So,  A{uj)  can  be  approximated  as  follows: 


A{ijj)  ^  e  *'""'"' fc. 


{s  +  zi){s  +  Z2)  ■  ■  ■  {s  +  Zn) 

'S+Pi){s+P2)---{S+Pm) 


(D.37) 


where  s  =  ju  and  with  n  <  m,  the  rational  function  part  of  (D.37)  can  be  expanded 
into  partial  fractions, 


{S  +  Zi){s  +  Z2)  ■  ■  ■  {S  +  Zn)  h 


+ 


k. 


{S  +  pi){s  +  P2)  ■  ■  ■  [S  +  Pm)  S+pi         S+P2 


+  ■••  + 


S+Pr^ 


(D.38) 


and  then, 


[A;ie-Pi('-^""")  +  Ajze-P^C-^-'")  +  •  •  •  +  fc^e-P"'^*-^'"'")]     for  t  >  Tmin 
a{t)  ^  {  (D.39) 

0  for  i  <  Tmin 
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Similarly,  Zdco)  is  approximated  by  a  rational  function  of  the  form: 

where  s  =  ju),  all  poles  and  zeros  are  real,  negative  and  simple,  and  the  number  of 
poles  is  the  same  as  the  number  of  zeros,  which  can  be  expressed  as:  .;. 

S+Pi  S+P2  S  +Pn 

and  corresponds  to  the  R-  C  network  in  Figure  D.4a,  with: 


Ro  =  ko  ;,.    ..]/'■.         .        (D.42) 

_  1 
Pi'     "'      h 


R,  =  h^     C,  =  ^,     Vi  =  l,...,n  ■'  (D.43) 


For  each  R  —  C  block  we  have: 
which  has  the  exact  solution: 

At  1         /■'  (t-u) 

Vi{t)=e   ''^<^i  Vi{t  -  At)  +  —  e    «.^i  i(u)  dw  (D.45) 

Ci  Jt-At 

by  using  linear  interpolation  on  i,  the  solution  takes  the  form: 

Vi{t)  ^  Reg-^i{t)  +  e,{t  -  At)  (D.46) 

where  ei{t  —  At)  are  known  from  the  preceding  time  step.    After  adding  a\\  R  —  C 
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blocks  and  Rq  we  can  rewrite  (D.46)  as, 

v^t)  =  ReAt)  +  e{t  -  At)  (D.47) 

with 

n  n 

Reg^Ro  +  ^Reg~^       and      6  =  ^  6,  (D.48) 


which  can  be  rewritten  as: 


i=l  i=l 


i{t)  =  -^v{t)  +  /h-c        ■  (D-49) 


where 

The  equivalent  resistance  Req  enters  into  matrix  [G]  in  (D.62),  whereas  the  sum  of 
the  history  terms  ir-c  +  h,h  enters  into  [/] . 

D.2.2     Noda  Frequency-Dependent  Transmission  Line  Model 

Noda  et  al.  [1996]  presented  a  method  for  time-domain  transient  calculation  in 
which  transmission  lines  and  cables  are  modeled  in  the  time  domain  rather  than 
in  the  modal  domain.  The  time  domain  convolution  (presented  in  section  D.2.1)  is 
replaced  by  an  Auto-Regressive  Moving  Average  (ARMA)  model  (Noda  1997;  Noda 
and  Ametani  1998),  further  improved  by  an  Interpolated  ARMA  model  (lARMA). 
The  new  methodology  (lARMA)  offers  two  useful  features,  i)  it  is  no  longer  necessary 
to  recalculate  the  ARMA  coefficients  if  the  time  step  is  changed  from  one  simulation 
to  another;*  ii)  it  is  possible  to  use  different  time  steps  for  different  parts  of  the 
computations  in  order  to  more  flexibly  accommodate  to  the  nature  of  the  respective 
responses.  This  new  technique  eliminates  the  error  produced  when  assuming  constant 

^In  the  ARMA  presented  by  Noda  et  al.  [1996],  the  ARMA  coefficients  had  to  be  calculated  for 
each  different  time  step  used. 
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transformation  matrices,  when  their  frequency  dependence  is  heavy  (e.g.,  large  earth- 
return  currents). 

Equations  (D.29)  and  (D.30)  can  be  rewritten  as: 

W(c^)  =  Yo{uj)Vm{u^)  -  e-^'^^U'^ioo)  [Yo(c^)Vfc(a;)  +  1^,^(0;)]  (D.51) 

IkA^)  =  Yo{u;)V,{uj)  -  e-^'^^H^iu)  [Yo(a;)V^(cu)  +  lm,kH]  (D.52) 

where  H(cu)  =  g-^'^'^e"^^'^^'  and  it  is  defined  as  the  phase-domain  wave-deformation 
matrix,  r(a;)  the  propagation  constant  matrix,  r  the  minimum  travehng  time,  and 
Yq  the  characteristic  admittance  matrix.  Transforming  (D.51)  and  (D.52)  into  the 
time  domain,  we  obtain: 

im,k{t)  =  yo{t)  *  ym{t)  -  h^{t)  *  [yo(t)  *  Vk{t  -  r)  +  ik,m{t  -  r)]  (D.53) 

ik,m{t)  =  yo{t)  *  Mt)  -  h^(0  [yo(^)  *  ^mit  -  r)  +  im,kit  "  ^)]  (0-54) 

Each  ARMA  model,  which  represents  the  frequency  dependence  of  an  element  of  the 
wave-deformation  matrix  or  of  the  characteristic  admittance  matrix,  is  defined  in  the 
Z-domain  as: 

^^'^  -     l  +  hz-^  +  .-.+b^Z-r^  ^^-^^^ 

where  a„,  6„  are  constants  and  A^  is  the  order.  By  substituting  z  =  e^"^^  the  frequency 
response  of  the  above  ARMA  model  (D.55)  is  obtained.  The  time  domain  form  of 
(D.55)  follows  from  the  recursive-convolution: 

y{t)  =  aox{t)  +  aix{t  -  At) -\ h  aNx{t  -  NAt)  -  biy{t  -At) b^yit  -  NAt) 

(D.56) 
Prom  (D.51)  and  (D.52),  we  can  derive  the  admittance  matrix,  which  is  of  the 


■■»-  ^-?T»'»^*^''« 
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Y(a;) 


(D.57) 


form: 

Yo(a;)  coth(r(cu)0        -Yo(a;)  cosech(r(a;)0 

-Yo(u;)  cosech(r(cj)/)       Yo(u;)  coth(r(cj)0 

The  above  matrix-hyperbolic  functions  can  be  decomposed  into  matrix-exponential 
functions  as  follows: 

coth(r(a;)/)  =  [e^t-)'  +  e'^t'^)']  •  [e^^'^"  -  e'^t'^)'] "'  (D.58) 

cosech(r(a;)/)  =  2  [e^t'^^'  -  e"^''^"]  (D.59) 

The  above  matrix-exponential  functions  can  be  obtained  from  the  phase-domain  wave- 
deformation  matrix  H(a;)  as: 

Each  element  of  the  phase-domain  wave-deformation  matrix  H(ct;)  and  of  the  charac- 
teristic admittance  matrix  Yq{uj)  can  be  evaluated  by  the  frequency  response  of  the 
corresponding  ARMA  model  using  (D.55).  Once  H(ci;)  is  known,  e"^'"''  and  e^^'^^' 
are  calculated  by  (D.60),  and  then  coth(r(a;)/)  and  cosech(r(a;)/)  can  also  be  calcu- 
lated by  (D.58)  and  (D.59),  respectively.  We  found  all  the  unknown  in  (D.57),  so  the 
admittance  matrix  is  now  defined. 

The  modeling  of  a  transmission  line  (overhead  lines  and  cables)  using  the  NODA 
SETUP  (available  as  a  subroutine  in  the  EMTP)  requires  the  following  two  steps:^ 

1.  Calculation  of  the  frequency-dependent  line  constants  of  the  transmission  line, 
referred  to  as  "frequency  data" .  This  is  done  using  either  the  CABLE  PARAM- 
ETERS or  the  LINE  CONSTANTS  supporting  subroutines  in  EMTP  (note  that 
CABLE  CONSTANTS  cannot  be  used  to  obtain  this  response). 


^Noda  [1997]  describes  how  to  implement  an  ARMA  model  in  the  EMTP. 


218 

2.  Fitting  the  frequency  data  with  I  ARM  A  models  for  the  time-domain  realization 
of  the  frequency  dependence.  This  procedure  is  performed  by  an  independent 
fitting  program  ARMAFIT. 

D.3     Type  1  Source 


Data  can  be  used  as  an  external  source  in  the  EMTP  using  the  Type  1  (user 
defined)  current  source.  The  user  has  to  specify  the  value  of  the  external  source  at 
each  time  step  (Alternative  Transient  Program  (ATP)  Rule  Book  [1987-1998])  and 
this  can  be  done  in  three  different  ways: 

®  By  including  point-by-point  the  source  data  in  the  datacase, 
®  By  using  the  $INCLUDE  command,  or 

®  By  using  the  $insert  command 

The  technique  in  ®  (where  each  point  represents  a  punched  card)  was  the  first  ap- 
proach to  use  the  Type  1  source.  This  technique  is  implemented  as  follows  (using 
data  sorting  by  card): 

®  point-by-point  

/SOURCE 

C  <  n  ixx  Ampl.   ><  Freq.   ><Phase/TO><   Al   ><   Tl   ><  TSTART  ><  TSTOP  > 

lSOURCE-1 
/PLOT 

C  Next  come  the  data  cards  for  user-defined  Type-1  source  on  node  "SOURCE": 
C-E8.0->  , 

3.4 
.8485282 

0.0 
-.434314 

-.2 
-.848528 

-.4 

-1.56569 

3.41 

.8500000 

0.0 
-.430000 

-•2 
9999 
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The  input  datacards  are  terminated  with  a  9999-card.  To  avoid  the  difficulty  of 
providing  all  these  points  in  the  datacase,  the  technique  in  (D  was  provided.  In  this 
case,  it  is  allowed  to  store  the  data  in  a  separate  file  as  follows: 


f?)  $TMn,TTPE 

/SOURCE 

C  <  n  1><><  Ampl.   X  Freq. 

><Phase/TO><   Al 

>< 

Tl 

X  TSTART  X  TSTOP  > 

lSOURCE-1 

/PLOT 

$INCLUDE,  source.txt 

Here,  all  the  data  points  of  the  source  are  stored  in  the  file  source.txt,  and 
included  in  the  simulation  by  the  $INCLUDE  command.  Although  the  technique  in  (D 
is  obviously  better  than  ®,  still  presents  some  problems  when  the  At  is  small  and 
the  simulation  time  is  relatively  large.  The  problem  is  that  each  data-point  of  the 
source  is  seen  by  ATP  as  a  branch  card,  therefore  for  voluminous  cases,  a  burden  on 
LIMCRD^°  cannot  be  avoided.  To  overcome  this  problem,  the  more  recent  technique 
(D  was  provided  avoiding  the  burden  on  LIMCRD.  The  usage  is  similar  to  (D: 

(D  IINSERT  


/SOURCE 

C  <  n  1><><  Ampl.   X  Freq.   XPhase/TOX   Al   ><   Tl   X  TSTART  X  TSTOP  > 

lSOURCE-1 
/PLOT 
$INSERT,  source.txt 


D.4     EMTP  Algorithm 

The  combination  of  elements,  for  which  the  state  variable  equations  have  been 
derived  previously,  is  then  solved  by  the  equahty: 


Y^ikAt)^^k{t)  (D.61) 

j=i 


^°LIMCRD  is  a  variable  of  ATP  that  defines  the  number  of  80-column  card  images  that  can  be 
stored  in  the  cache  of  LUNTIO  (see  Alternative  Transient  Program  (ATP)  Rule  Book  [1987-1998], 
Section  I-E-1). 
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where  n  is  the  number  of  branches  connected  to  node  fc,  ik,j{t)  are  the  branch  currents 
flowing  away  from  the  node,  and  ik{t)  is  the  current  injected  into  the  node. 

By  writing  the  equations  for  each  node  of  the  network,  we  obtain  a  system  of 
equations  that  can  be  expressed  in  matrix  form  as  follows: 


[G][v{t)]  =  m]  -  [I] 


(D.62) 


where  [G]  is  the  nodal  conductance  matrix, ^^  [v{t)]  a  column  matrix  of  node  voltages 
at  time  i,  [i{t)]  a  column  matrix  of  current  sources,  and  [/]  a  column  matrix  of  past 
history  terms.  In  (D.62)  some  of  the  voltages  will  be  known,  so  we  can  reformulate 
(D.62)  by  identifying  known  and  unknown  voltages.  Let  A  be  the  subset  of  unknown 
voltages,  and  B  the  subset  of  known  voltages,  then  we  can  write: 


(D.63) 


Gaa]     [Gab] 

Mt)] 

[iA{t)] 

[Ia] 

Gba]    [Gbb] 

[vB{t)] 

Mt)] 

[Ib] 

from  which  the  unknown  [vA{t)]  is  found  by  solving: 


[GAA][vA{t)]  =  [Itotal]-[GAB][VB{t)] 


(D.64) 


where 


[hotal]  =  [iA{t)]  -  [Ia] 


(D.65) 


Now,  (D.64)  represents  a  linear  system  of  equations  that  needs  to  be  solved  for  each 
time  step,  with  a  constant  coefficient  matrix  [Gaa],  provided  that  At  does  not  change. 


^^[G]  depends  on  At,  therefore,  [G]  remains  unchanged  for  a  constant  Ai.  Prom  here  we  see  why 
the  EMTP  formulation  works  with  a  fixed  time  step. 


APPENDIX  E 
ATP  FILES 


E.l     Transmission  Line  Models 

The  following  file  (hor_24m.  atp)  represents  the  J.  Marti  source  file  of  a  24-m  long 
horizontal  distribution  line  section  (Section  5.2). 

BEGIN  NEW  DATA  CASE 

JMARTI  SETUP,  1.0, 

$ERASE 

BRANCH  NOD001NOD002NQD003NOD004NOD005NOD006NOD007NOD008 

LINE  CONSTANTS 

METRIC 

2  3  4  5  6  7  8 

345678901234567890123456789012345678901234567890123456789012345678901234567890 


C       ] 

L       : 

C  3456789( 

)123456789( 

1  0.50, 

,995437  4 

2  0.50, 

.995437  4 

3  0.50, 

.995437  4 

4  0.50, 

.626342  4 

BLANK 

4000 

5000 

4000 

60 

4000 

0.01 

BLANK 

BLANK 

DEFAULT 

$PUNCH 

BLANK 

BEGIN  NEW 

DATA  CASE 

BLANK 

0, 

.74168 

-1.3 

7, 

,7756  7, 

,4708 

0, 

,74168 

0.5334 

7, 

,7756  7, 

.4708 

0, 

.74168 

1.3 

7, 

.7756  7 

.4708 

0, 

.93472 

-0.2 

6.2  5, 

0.024 
0.024 
0.024 

.8952 

11  30 


The  following  file  (hor_24m .  mod .  bak)  is  the  DBM  source  derived  from  the  output 
when  running  the  input  DBM  file  hor_24m.  atp  with  ATP. 

The  following  file  (hor_24m_mod.pch)  is  the  DBM  file  obtained  when  running  the 
input  DBM  file  hor_24m.mod.bak  with  ATP. 

KARD  3     3  38  38  59  59  82  82 

KARG  15263748 

KBEG  39393939 

KEND  8   14     8   14     8   14     8   14 

KTEX  11111111 
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$ERASE 
/BRANCH 

C  <++++++>  Cards  punched  by  support  routine  on  26-May-OO 
*****  UNTRANSPOSED  JMARTI  line  segment  ****** 

JMARTI  SETUP,  1.0, 

$ERASE 

BRANCH  NOD001NOD002NOD003NOD004NOD005NOD006NOD007NOD008 

LINE  CONSTANTS 

METRIC 


08:15:41      <++++++> 


C1234567 

C  3456789012345678901234567890123456789012345678901234567890123456789012345678 


1  0.50.995437 

2  0.50.995437 

3  0.50.995437 

4  0.50.626342 
BLANK 

4000 

4000 

4000 
BLANK 
BLANK 
DEFAULT 
1N0D001N0D002 

28 


5000 

60 

0.01 


0.74168 
0.74168 
0.74168 
0.93472 


-1.3 

0.5334 

1.3 

-0.2 


7756 

7756 

7756 

6.2 

0.024 
0.024 
0.024 


7.4708 
7.4708 
7.4708 
5.8952 


11  30 


2 .   1 . 00 
8 .  6290576595666618687E+02 

-1.02191268218819607E+03 
6.62832883398508511E+03 
1 . 04751755343782625E+04 
1 . 08770935193013192E+04 
4 . 71341239025476505E+05 
3 . 93508014333382547E+07 
2 . 15421779767613697E+09 
1 . 58852258382308102E+09 
5.63617554842578030E+09 


2  4 


1 . 65856633031905494E+03 
3 . 48550174141890147E+03 
1 . 51521693468867397E+04 
1.08352864837042162E+04 
8 . 24867865607580025E+04 
9 . 71315401683649793E+06 
4 . 80640579088960588E+08 
2 . 59259451297497272E+09 
3 . 98036781887200117E+09 
6. 15426862478345776E+09 
3.24180529642140780E-01 
8.88616630827102183E-01 
1 . 27058906310980184E+01 
6 . 24578009047069358E+01 
1 . 21358132731052160E+03 
1 . 57621231383630657E+05 
9 . 24992417175676487E+06 
4.43794484104486108E+08 
1 . 34343694171260333E+09 
2 . 25050039137268496E+09 

17       8.0399968644416295344E-08 


5 . 43122102246975646E+03 
9 . 39559436452456066E+03 
9 . 10572887968717623E+03 
1 . 32875646318605686E+04 
2 . 39204674217357440E+06 
38591 150221960872E+08 
5170911 1859739494E+09 
65676488336974955E+09 
31873651737923050E+09 


6.00507069841311192E-01 
2 . 20130933639307136E+00 
2 . 63688959104079359E+01 
1 . 17027339092438595E+02 
6 . 92326472395205928E+03 
6 .  71525698761023348E+05 
4 . 36578707928079367E+07 
5 . 61590013099561691E+08 
1 . 98483282660572815E+09 


8. 14564120332324933E+02 
1 . 08786129565283263E+04 
5 . 51078434505985701E+05 
3.57813510546642765E+07 
1 . 37782181723012831E+07 
1 . 23318073108936447E+11 
2 . 87563047785165603E+05 
3.55054564561981102E+06 
1 . 23676489309805837E+07 


3 . 81814052691880806E+03 
2 . 98151502234248794E+05 
8 . 06905430945582781E+06 
3 . 77777314165916219E+07 
6 . 48496726757330990E+09 
-1 . 23665602018797058E+11 
1 . 06408106511848443E+06 
8 . 31722835058670677E+06 
9 . 71274374904254675E+07 


5 .  17606254958334899E-01 
5 . 21959650586749380E+00 
3 . 94386848381887134E+01 
2 . 40059590500605481E+02 
3 .  66865024470247299E+04 
2 .  50745424778239010E+06 
1 .90782984337258488E+08 
9 . 21412605990877867E+08 
1 . 53141942281714201E+09 


2 . 33378561221003292E+03 
2 . 68659394181849566E+04 
1 . 23925499054706544E+07 
1 .  58189951606821686E+08 
-6.40432115515751457E+09 

1 .07651180802531634E+06 
8 . 42644201656138897E+06 
5 . 59587584070263878E+07 


,':'--.p?,\  ■[.•p-.T-t-'.^'x 
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1 . 74371846971240401E+08 
1 . 01263238509060848E+09 
1 . 98120594835723090E+09 
-2N0D003N0D004 


2 . 68375000310310960E+08 
5.45516541066744804E+09 
1 . 98318715430559087E+09 
2 .   1 . 00 


4.68372111611106336E+08 
5 . 46062057607812214E+09 


2  4 


19 


3. 1794031725508995123E+02 


3. 15607970730197530E+03 
6 . 97682200397618453E+03 
4 . 62799607795456250E+04 
3 . 70430663930402670E+03 
5 . 32895056708368429E+03 
6 . 20930940876676977E+04 
3 . 6592262966550351 lE+06 
1 . 99108985490782597E-01 
4 . 79759309596061 190E+00 
1 . 46382068482144206E+02 
7. 288382867971 11209E+02 
4.38195169708782487E+03 
4 . 84349240903484315E+04 
2 . 73739621033982839E+06 

4       8.0050982808653455107E-08 


1 . 94879158862814916E+03 
1 . 33266408526604682E+04 
1 . 64739101976579659E+04 
8 . 28077714319918960E+03 
7 . 16284611050733201E+03 
8 . 27570622254096961E+04 


4 . 87886879667485451E-01 
1 . 47969805728296055E+01 
3. 19539986078008610E+02 
1 . 22567296506384127E+03 
5.83892379089185124E+03 
6 . 34027670323235507E+04 


6. 18296814734505606E+05 
3.31773791863241310E+10 
1.05819711721886113E+08 
3.33445431412512207E+10 
-3N0D005N0D006 


5 . 99617626048557181E+06 


1 . 00230537490362525E+09 


5 . 43380752755809226E+03 
2 .  12842618698240403E+04 
1 . 87023577624849895E+04 
2 . 13760279037361443E+03 
6 . 57962750093027717E+04 
2 . 77385770699778979E+05 

1 . 71036703997812434E+00 
4 . 39927855553675542E+01 
5 . 92815463962570448E+02 
2 . 05645600245236301E+03 
4 . 54648726306343597E+04 
2 . 07623590530591522E+05 


-4. 18585249062934935E+08 
6 . 14396473493853073E+10 


2 .   1 . 00 


-2  4 


23 


3.9002171807055714225E+02 


1 . 60183152548428870E+03 
8 . 774454745651 19071E+02 
3.27682153028026187E+03 
2.33257023199414180E+04 
1 . 82715163268674587E+04 
7 . 56373727039505229E+03 
7 . 81879555569614422E+03 
2 . 23868443901593360E+05 
. 96336466802315118E-01 
. 65553782331707022E-01 
. 57806523615750427E+00 
, 14248731444735796E+01 
. 75846468532180950E+02 
9 . 54977207497965765E+02 
5 . 35042493696821293E+03 
1.43286407634684991E+05 


-8 . 98855529521744188E+02 
2 . 76376542366027206E+03 
6 . 94630804064017593E+03 
2 . 61956159664300430E+04 
1 . 34766907845318801E+04 
3 . 93727313755579962E+03 
1 . 10428725278386381E+05 
8 . 14336827966271248E+06 
3 . 23841814313557741E-01 
9 . 40128952703652598E-01 
4 . 80614878812141466E+00 
1 . 11825182427167377E+02 
4 . 55239892738618551E+02 
1 . 61566599804920156E+03 
7 . 27547066550656018E+04 
5. 18418912591000646E+06 


2 . 88388481106641530E+03 
1 . 37454877951757089E+03 
1 . 34126196036662659E+04 
1 . 55470397172414432E+04 
3.45899917906921200E+03 
4 . 58531 113001884023E+03 
1.09711469935225803E+05 

2 . 77057292569864999E-01 
1 . 40463101636378984E+00 
1 . 40959292198398813E+01 
1 . 70462082874339671E+02 
5.62292295239123973E+02 
3 . 26352242730790749E+03 
6 . 63845507849434362E+04 


8 . 0028703992187345047E-08 


1 . 23300281651602662E+06 
1 . 44620683658332867E+06 
2 . 74938232773324430E+08 
3 . 53603910246453822E+08 
-4N0D007N0D008 


3 . 08863152368968702E+05 

-3 . 47383127036881089E+08 

7. 13311112102724761E+07 

6.03028140298551712E+10 

2.   1.00 


15 


3 . 8352720722489414129E+02 


2. 838822189791 19762E+03 
5 . 94609983519814068E+03 
2 . 92600910667632488E+04 
4.61131778833116823E+03 
7 . 09188067249425603E+03 


2 . 10459369419458926E+03 
1.07359158522041853E+04 
2 . 60840718542476825E+04 
6 . 03083445885868241E+03 
1 . 41869116516879585E+05 


1 .44056246021475829E+06 
1 . 51900155280827942E+10 
3 . 24369984602372408E+08 
1 . 53680678778688927E+10 
-2  4 

4 . 54555491994203476E+03 
1 . 73639930504231634E+04 
-8 . 21832116589013822E+02 
3 . 10129318226044597E+03 
1 . 68186931916195480E+06 
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5 . 32028296757342978E-01 
1 .23406489516505040E+01 
2.46972471531934474E+02 
7 .  76473197766807289E+02 
4 .  67415151349192747E+04 


2. 15875094479622026E-01 
4 . 32660719403835436E+00 
9 . 90279178850874757E+01 
4 .  62260073138035807E+02 
2 .  65396705438153685E+03 

6       8.0045180970380522976E-08 
9 . 33244359427184099E+05   2 . 27687567160125729E+06 
7 . 40325012354510929E+06   1 . 98433356841445826E+07 
2 . 18478034546405643E+08   5 . 17387153160408020E+08 
1.69747326045622039E+09   1 .  11972096231173468E+09 
0.51428331  -0.09487501  0.86282714  0.04589618 
0.00000000  0.00000000  0.00000000  0.00000000 
0.41079736  0.75544939  -0.20267474  0.37013319 
0.00000000  0.00000000  0.00000000  0.00000000 
0.46933938  -0.64820438  -0.35411723  0.43048047 
0.00000000  0.00000000  0.00000000  0.00000000 
0.58862446  -0.01122664  -0.29841795  -0.82193767 
0.00000000  0.00000000  0.00000000  0.00000000 
$EOF   User-supplied  header  ceirds  follow.        26- 
ARG , NODOO 1 , N0D003 , N0D005 , N0D007 , N0DOO2 , N0D004 , N0D006 , 


1.63535190085242110E+00 
3 . 46060764934525125E+01 
3 . 15141934633042297E+02 
1 . 30924091924136496E+03 
5 . 56963666712381179E+05 

6 . 04426095844756463E+05 
2 . 04629452051763458E+10 
1.39825084705543011E+08 
2 . 12068558816705017E+10 


May-00  08:15:44 
N0D008 


E.2     Arresters  Equivalent  Circuits 

The  following  file  (pdvl00_18kV.mod)  represents  the  input  DBM  file  for  the  Ohio 
Brass  PDV  100,  18  kV  rated  arrester  (Section  3.2.2),  using  the  circuit  model  proposed 
by  Pinceti  and  Giannettoni  [1999]  (Section  5.3). 


I  Carlos  T.  Mata  I 


BEGIN  NEW  DATA  CASE  — NOSORT- 

DATA  BASE  MODULE 

$ERASE 

ARG, NODOO 1,N0D004 

DUM,N0D002,N0D003 

/BRANCH 

C 

c 
c 

c  

C  This  file  was  created  on  25-Sep-2000,  using  the  m-file  dbm_arrester_create.m 

C  this  arrester  model  consists  of  two  non-linear  sections, 

C  two  inductors,  and  a  resistor 

C  This  is  the  simplified  arrester  model  presented  by  Pinceti  1999 

C 

C  The  parameters   are : 

C  Rated  Voltage:  18.00  kV 

C  Residual  Voltage   at    lOkA  with  an  8/20  us   waveform:    60.00  kV 

C  Residual  Voltage   at    lOkA  for  fast   current   surge:        68.00  kV 

C 

C12345678 

C  345678901234567890123456789012345678901234567890123456789012345678901234567890 

C  <++++++>  Cards  punched  by  support  routine  on  25-Sep-OO  17:32:54  <++++++> 

C  ZNO  FITTER 
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C  $ERASE 

C  BRANCH     N0D002N0D004 

c  c 

CCl  2  3  4  5  6  7 

C  C  3456789012345678901234567890123456789012345678901234567890123456789012345678 

C  C 

C  C 


;xp 

IPHASE 

ERRLIM 

IPRZNO        VREF 

VFLASH 

-1 

1 

.05 

33.600000E+04 

0 

c 
c  c 

C  C        Al         A2         A3         A4         A5       AMIN 

C  1 . 800000E+041 . 800000E+041 . OOOOOOE+001 . OOOOOOE+001 . OOOOOOE+005 . OOOOOOE-02 

C  2.000000E-034.860000E+04 

C  1.000000E+025.844000E+04 

C  1.000000E+036.312000E+04 

C  3.000000E+036.648000E+04 

C  1.000000E+047.170000E+04 

C  2.000000E+047.662000E+04 

C  C  Current [A]  Voltage [V] 

C  BLANK  card  bounds  points  of  the  ZnO  characteristic 

C  Rating  =  18000.0   V-mult  =  l.OOOOOE+00   I-mult  =  l.OOOOOE+00    Gapless 

92N0D002N0D004  5555. 

C  V-reference  V-flashover 

3 . 6000000000000000E+04  -1 . OOOOOOOOOOOOOOOOE+02 

C  Multiplier  Exponent  V-min 

4.4943609061957635E-11  5.8682888861267138E+01  1 .4261187973444669E+00 
5 . 1411446202049274E-05  2 . 9889305311276594E+01  1 . 6233333333333322E+00 
6 . 8276845252587858E-03  2 . 1182774768718719E+01  1 .  7533333333333312E+00 
1 . 7145476159231318E-01  1 .  5927757934680342E+01  1 . 8466666666666656E+00 
7 . 4981403473683930E+00  1 . 0444092545305748E+01  1 . 9916666666666638E+00 
9999 

C  <++++++>  Cards  punched  by  support  routine  on  25-Sep-OO  17:32:55  <++++++> 

C  ZNO  FITTER 

C  $ERASE 

C  BRANCH  N0D003N0D004 

C  C 

CCl        2        3        4        5        6        7 

C  C  3456789012345678901234567890123456789012345678901234567890123456789012345678 

C  C 

C  C 

C 

C  C 

C  C         Al  A2         A3         A4  A5        AMIN 

C  1 . 800000E+041 . 800000E+041 . OOOOOOE+001 . OOOOOOE+001 . OOOOOOE+005 . OOOOOOE-02 

C  2.000000E-033.738000E+04 

C  1.000000E+024.728000E+04 

C  1.000000E+035.196000E+04 

C  3.000000E+035.532000E+04 

C  1.000000E+046.054000E+04 

C  2.000000E+046.546000E+04 

C  C  Current  [A]  Voltage [V] 

C  BLANK  card  bounds  points  of  the  ZnO  characteristic 

C  Rating  =  18000.0   V-mult  =  l.OOOOOE+00   I-mult  =  l.OOOOOE+00    Gapless 

92NOD003NOD004  5555. 

C  V-reference  V-flashover 


NEXP 

IPHASE 

ERRLIM 

IPRZNO        VREF 

VFLASH 

-1 

1 

.05 

33.600000E+04 

0 
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3 . 6000000000000000E+04 
C  Multiplier 

3.5375497595143481E-04 
1 . 2948494800517163E-01 
1 . 6063962621533618E+00 
'  9.6795765772248696E+00 
9 . 9409255430853591E+01 
9999 
IVINTAGE,  1 
N0D001N0D002 
NOD002NOD003 
N0D001N0D004 
$VINTAGE,  0 
BEGIN  NEW  DATA  CASE 
C 

$PUNCH 

BEGIN  NEW  DATA  CASE 
BLANK 


-1 . OOOOOOOOOOOOOOOOE+02 
Exponent 
4 . 6051099956965686E+01 
2 . 4395197598527446E+01 
1 . 7532824224878791E+01 
1 . 3352284768216220E+01 
8.8711523235028054E+00 


V-min 
1 .  1135073155700943E+00 
1 .3133333333333315E+00 
1 . 4433333333333322E+00 
1 . 5366666666666635E+00 
1 . 6816666666666644E+00 


2.0000000000E-04 
6.0000000000E-04 


l.OOOOOOOOOOE+06 


The  following  file  (pdvl00_18kV_mod.pch)  is  the  DBM  obtained  when  running 
the  input  DBM  file  pdvl00_18kV.mod  with  ATP. 


3 

11 

11 

20  20 

21  21 

22 

22 

1 

2 

-2 

1  -1 

-1  -2 

1 

2 

3 

9 

3 

3  9 

3  9 

3 

9 

8 

14 

8 

8  14 

8  14 

8 

14 

1 

1 

1 

1  1 

1  1 

1 

1 

KARD  3 
KARG  2 
KBEG  9 
KEND  14 
KTEX  1 
$ERASE 
/BRANCH 
C 
C 

c 

c  

C  This  file  was  created  on  25-Sep-2000,  using  the  m-file  dbin_arrester_create.m 
C  this  arrester  model  consists  of  two  non-linear  sections, 

two  inductors,  and  a  resistor 

This  is  the  simplified  arrester  model  presented  by  Pinceti  1999 


I  Carlos  T.  Mata  | 


C 

C 

C 

C  The  parameters  are : 

C    Rated  Voltage: 

Residual  Voltage  at  lOkA  with  an  8/20  us  waveform: 
Residual  Voltage  at  lOkA  for  fast  current  surge: 


18.00  kV 
60.00  kV 
68.00  kV 

6 


12        3        4        5    ■    6        7        8 

345678901234567890123456789012345678901234567890123456789012345678901234567890 

<++++++>  Cards  punched  by  support  routine  on  25-Sep-OO   17:32:54  <++++++> 
ZNO  FITTER 

$ERASE  •    , 

BRANCH  N0D002N0D004 
C 

C1234567 
C  3456789012345678901234567890123456789012345678901234567890123456789012345678 
C 


227 


C  C      NEXP      IPHASE      ERRLIM      IPRZNO       VREF      VFLASH 
C  -1  1        .05  33.600000E+04  0 

c  c 

C  C        Al         A2         A3         A4         A5       AMIN 

C  1 . 800000E+041 . 800000E+041 . OOOOOOE+001 . OOOOOOE+001 . OOOOOOE+005 . OOOOOOE-02 

C  2.000000E-034.860000E+04 

C  1.000000E+025.844000E+04 

C  1.000000E+036.312000E+04 

C  3.000000E+036.648000E+04 

C  1.000000E+047.170000E+04 

C  2.000000E+047.662000E+04 

C  C  Current [A]  Voltage [V] 

C  BLANK  card  bounds  points  of  the  ZnO  characteristic 

C  Rating  =  18000.0   V-mult  =  l.OOOOOE+00   I-mult  =  l.OOOOOE+00    Gapless 


92N0D002N0D004 


5555. 

V-f lashover 
- 1 . OOOOOOOOOOOOOOOOE+02 
Exponent 
5.8682888861267138E+01 
2.9889305311276594E+01 
2.1182774768718719E+01 
1 .  5927757934680342E+01 
1 . 0444092545305748E+01 


V-min 
1.4261187973444669E+00 
1 .6233333333333322E+00 
1 . 7533333333333312E+00 
1 .8466666666666656E+00 
1 . 9916666666666638E+00 

25-Sep-OO  17:32:55  <++++++> 


V-ref erence 

3 . 6000000000000000E+04 
Multiplier 

4 .  4943609061957635E-H 

5 . 1411446202049274E-05 

6 . 8276845252587858E-03 

1 . 7145476159231318E-01 

7.4981403473683930E+00 
9999 

<++++++>  Cards  punched  by  support  routine  on 
ZNO  FITTER 
$ERASE 

BRANCH  N0D003N0D004 
C 

C1234567 
C  3456789012345678901234567890123456789012345678901234567890123456789012345678 
C 

c 


NEXP 

IPHASE 

ERRLIM 

IPRZNO       VREF 

VFLASH 

-1 

1 

.05 

33.600000E+04 

0 

Al 


A2 


A3 


A4 


A5 


AMIN 


1 . 800000E+041 . 800000E+041 . OOOOOOE+001 . OOOOOOE+001 . OOOOOOE+005 . OOOOOOE-02 

2 . OOOOOOE-033 . 738000E+04 

1 . OOOOOOE+024 . 728000E+04 

1 . OOOOOOE+035 . 196000E+04 

3 . OOOOOOE+035 . 532000E+04 

1 . OOOOOOE+046 . 054000E+04 

2 . OOOOOOE+046 . 546000E+04 
C  C  Current [A]  Voltage [V] 
C  BLANK  card  bounds  points  of  the  ZnO  characteristic 


C  Rating  =   18000.0 

92NOD003NGD004 

C  V-reference 

3 . 6000000000000000E+04 

C  Multiplier 

3.5375497595143481E-04 
1 . 2948494800517163E-01 
1 . 6063962621533618E+00 
9 . 6795765772248696E+00 


V-mult  =   l.OOOOOE+00 
5555. 

V-f lashover 
-1 .  OOOOOOOOOOOOOOOOE+02 
Exponent 
4 . 6051099956965686E+01 
2 . 4395197598527446E+01 
1 . 7532824224878791E+01 
1 . 3352284768216220E+01 


I-mult  =  l.OOOOOE+00    Gapless 


V-min 
1 . 1135073155700943E+00 
1 . 3133333333333315E+00 
1 .4433333333333322E+00 
1 . 5366666666666635E+00 


228 


9 . 9409255430853591E+01   8 . 8711523235028054E+00   1 . 6816666666666644E+00 
9999 
$VINTAGE,  1 

NOD001NOD002  2 .OOOOOOOOOOE-04 

N0DO02N0DOO3  6. OOOOOOOOOOE-04 

NOD001NOD004  1 .OOOOOOOOOOE+06 

SVINTAGE,  0 

$EOF   User-supplied  header  cards  follow.        25-Sep-OO  17:32:55 
ARG,N0D001,N0D004 
DUM,N0D002,N0D003 

The  following  file  (ultrasil_18kV.mod)  represents  the  input  DBM  file  for  the 
Ohio  Brass  PDV  100,  18 kV  rated  arrester  (Section  3.2.2),  using  the  circuit  model 
proposed  by  Pinceti  and  Giannettoni  [1999]  (Section  5.3). 

BEGIN  NEW  DATA  CASE  — NOSORT— 

DATA  BASE  MODULE 

$ERASE 

ARG,N0D001,N0D004 

DUM,NOD002,NOD003 

/BRANCH 

C 

c  

C                        I  Carlos  T.  Mata  | 
C  

C  This  file  was  created  on  25-Sep-2000,  using  the  m-file  dbiii_arrester_create.m 

C  this  arrester  model  consists  of  two  non-linear  sections, 

C  two  inductors,  eind  a  resistor 

C  This  is  the  simplified  eirrester  model  presented  by  Pinceti  1999 

C 

C  The  parameters  are : 

C         Rated  Voltage:  18.00  kV 

C         Residual  Voltage  at   lOkA  with  an  8/20  us  waveform:    58.80  kV 

C         Residual  Voltage  at   lOkA  for  fast   current   surge:        64.90  kV 

C 

C12345678 

C  345678901234567890123456789012345678901234567890123456789012345678901234567890 

C  <++++++>  Cards  punched  by  support  routine  on  25-Sep-OO  17:32:52  <++++++> 

C  ZNO  FITTER 

C  $ERASE 

C  BRANCH  N0D002N0D004 

c  c 

CCl        2        3        4        5        6        7 

C  C  3456789012345678901234567890123456789012345678901234567890123456789012345678 

C  C 

c  c 
c 
c  c 

C  C        Al         A2         A3         A4         A5       AMIN 
C  1 . 800000E+041 . 800000E+041 . OOOOOOE+001 . OOOOOOE+001 . OOOOOOE+005 . OOOOOOE-02 
C  2.000000E-034.762800E+04 
C  1.000000E+025.727120E+04 
C  1.000000E+036.185760E+04 


NEXP 

IPHASE 

ERRLIM 

IPRZNO        VREF 

VFLASH 

-1 

1 

.05 

33.600000E+04 

0 

229 


C  3.000000E+036.515040E+04 

C  1.000000E+047.026600E+04 

C  2.000000E+047.508760E+04 

C  C  Current [A]  Voltage [V] 

C  BLANK  card  bounds  points  of  the  ZnO  characteristic 

C  Rating  =  18000.0   V-mult  =  l.OOOOOE+00   I-mult 


l.OOOOOE+00    Gapless 


92N0D002NQD004 


5555. 

V-f lashover 
-1 . OOOOOOOOOOOOOOOOE+02 
Exponent 
5 .  8682888861267180E+01 
2. 988930531 1276292E+01 
2 . 1182774768719170E+01 
1 . 5927757934680596E+01 
1 .0444092545305573E+01 


V-min 
1 . 3975964213975776E+00 
1 . 5908666666666655E+00 
1 .7182666666666644E+00 
1 . 8097333333333250E+00 
1 .9518333333333291E+00 

25-Sep-OO   17:32:52  <++++++> 


V-ref erence 

3 . 6000G00000000000E+04 

Multiplier 

1 . 4707781496119149E-10 

9 . 4038636418739102E-05 

1 .  0474408533101682E-02 

2 .  3653667804667192E-01 
9.  2595363851 151831E+00 

9999 
<++++++>  Cards  punched  by  support  routine  on 
ZNO  FITTER 
$ERASE 
BRANCH  N0D003N0D004 

c  '■■.--■' 

C       1        2        3        4        5        6        7 

C  3456789012345678901234567890123456789012345678901234567890123456789012345678 

C 

C 


NEXP 

IPHASE 

ERRLIM 

IPRZNO        VREF 

VFLASH 

-1 

1 

.05 

33.600000E+04 

0 

Al 


A2 


A3 


A4 


A5 


AMIN 


1 . 800000E+041 . 800000E+041 . OOOOOOE+001 . OOOOOOE+001 . OOOOOOE+005 . OOOOOOE-02    '  - 

2 . OOOOOOE-033 . 663240E+04 

1.000000E+024.633440E+04  ,. 

1 . OOOOOOE+035 . 092080E+04 

3 . OOOOOOE+035 . 421360E+04 

1 . OOOOOOE+045 . 932920E+04 

2 . OOOOOOE+046 . 415080E+04 
C  C  Current [A]  Voltage [V] 

C  BLANK  card  bounds  points  of  the  ZnO  characteristic 
C  Rating  =   18000.0   V-mult  =   l.OOOOOE+00   I-mult  =   l.OOOOOE+00    Gapless 


92N0D003N0D004 
C  V-reference 

3 . 6000000000000000E+04 
C  Multiplier 

8.9691527981611947E-04 
2. 1196341304458191E-01 
2 . 2892032698446565E+00 
1 . 2676760806857976E+01 
1. 1892184543214533E+02 
9999 
$VINTAGE,  1 
NOD001NOD002 
N0D002N0D003 
NGD001N0D004 
$VINTAGE,  0 
BEGIN  NEW  DATA  CASE 


5555. 

V-f lashover 
-1 . OOOOOOOOOOOOOOOOE+02 
Exponent 
4 . 605 1099956965686E+01 
2 . 4395197598527432E+01 
1 . 7532824224878784E+01 
1.3352284768216181E+01 
8.8711523235028178E+00 


V-min 
1 .  0912371692586924E+00 
1 . 2870666666666648E+00 
1 . 4144666666666657E+00 
1 . 5059333333333309E+00 
1 . 6480333333333312E+00 


1.5561224490E-04 
4.6683673469E-04 


l.OOOOOOOOOOE+06 


3 

11 

11 

20  20 

21 

21 

22 

22 

1 

2 

-2 

1  -1 

-1 

-2 

1 

2 

3 

9 

3 

3  9 

3 

9 

3 

9 

8 

14 

8 

8  14 

8 

14 

8 

14 

1 

1 

1 

1  1 

1 

1 

1 

1 

230 


C  ,..  '     '.    :    -t    ' 

$PUNCH  .       •  ""■ 

BEGIN  NEW  DATA  CASE  -  '  •: 

BLANK 

The  following  file  (ultrasil_18kV_mod.pch)is  the  DBM  obtained  when  running 
the  input  DBM  file  ultrasil_18kV.mod  with  ATP. 

KARD  3 

KARG  2 

KBEG  9 

KEND  14 

KTEX   1 

$ERASE  ■■■  i 

/BRANCH      .-. 

C  '  '    ■        ■'  '■■'•■■"  '■'  :  r-  .:■  - 

C  .        "  

C  .   >  V      I  Carlos  T.  Mata  I 

C  

C  This  file  was  created  on  25-Sep-2000,  using  the  m-file  dbm_arrester_create.ni 
C  this  Eirrester  model  consists  of  two  non-linear  sections,  "  •••, 

C  two  inductors,  and  a  resistor 
C  This  is  the  simplified  airrester  model  presented  by  Pinceti  1999 

c  ^  ■'^'S''"-  '.' 

C  The  parameters  axe:  ■-' 

C         Rated  Voltage:  18.00  kV  .,;•       ■  ■ 

C         Residual  Voltage  at   lOkA  with  an  8/20  us  waveform:    58.80  kV  ; 

C         Residual  Voltage  at   lOkA  for  fast   current   surge:        64.90  kV 

C 

C12345678 

C  345678901234567890123456789012345678901234567890123456789012345678901234567890 

C  <++++++>  Cards  punched  by  support  routine  on  25-Sep-OO  17:32:52  <++++++> 

C  ZNO  FITTER        -  •  i' 

C  $ERASE  [.     ''■.  .,■■■■ 

C  BRANCH  N0D002N0D004 

c  c 

CC       12        3        456         7 

C  C  3456789012345678901234567890123456789012345678901234567890123456789012345678 

PC 

c  c 
c 

CC 

C  C         Al  A2         A3         A4  A5        AMIN 

C  1 . 800000E+041 . 800000E+041 . OOOOOOE+001 . OOOOOOE+001 . OOOOOOE+005 . OOOOOOE-02 

C  2.000000E-034.762800E+04 

C  1.000000E+025.727120E+04 

C  1.000000E+036.185760E+04 

C  3.000000E+036.515040E+04 

C  1.000000E+047.026600E+04 

C  2.000000E+047.508760E+04 

C  C  Current  [A]  Voltage  [V]  ;.,  ^    ' 

C  BLANK  card  bounds  points  of  the  ZnO  characteristic 

C  Rating  =   18000.0   V-mult  =   l.OOOOOE+00   I-mult  =  l.OOOOOE+00    Gapless 


NEXP 

IPHASE 

ERRLIM 

IPRZNO       VREF 

VFLASH 

-1 

1 

.05 

33.600000E+04 

0 

231 


92N0D002N0D004 


5555. 

V-f lashover 
1 . OOOOOOOOOOOOOOOOE+02 
Exponent 
8682888861267180E+01 
988930531 1276292E+01 
1182774768719170E+01 
5927757934680596E+01 


1 . 0444092545305573E+01 


V-min 
1 . 3975964213975776E+00 
1 . 5908666666666655E+00 
1 . 7182666666666644E+00 
1 . 8097333333333250E+00 
1 . 9518333333333291E+00 

25-Sep-OO   17:32:52   <++++++> 


V-reference 

3 . 6000000000000000E+04 
Multiplier 

1.4707781496119149E-10 

9.4038636418739102E-05 

1 . 0474408533101682E-02 

2 . 3653667804667192E-01 

9.2595363851151831E+00 
9999 

<++++++>  Cards  punched  by  support  routine  on 
ZNO  FITTER 
$ERASE 

BRANCH  NOD003NOD004 
C 

C        1         2         3         4         5         6         7 
C  3456789012345678901234567890123456789012345678901234567890123456789012345678 
C 
C 


NEXP 

IPHASE 

ERRLIM 

IPRZNO        VREF 

VFLASH 

-1 

1 

.05 

33.600000E+04 

0 

Al 


A2 


A3 


A4 


A5 


AMIN 


800000E+041 . 800000E+041 . OOOOOOE+001 . OOOOOOE+001 . OOOOOOE+005 . OOOOOOE-02 
OOOOOOE-033 . 663240E+04 

1 . OOOOOOE+024 . 633440E+04 

1 . OOOOOOE+035 . 092080E+04 

3.000000E+035.421360E+04  ■ 

1 . OOOOOOE+045 . 932920E+04 

2 . OOOOOOE+046 . 415080E+04 
C  C  Current [A]  Voltage [V] 

C  BLANK  caLrd  bounds  points  of  the  ZnO  characteristic 
C  Rating  =  18000.0   V-mult  =  l.OOOOOE+00   I-mult  =  l.OOOOOE+00    Gapless 


5555. 

V-f lashover 
- 1 . OOOOOOOOOOOOOOOOE+02 
Exponent 
4 . 6051099956965686E+01 
2 . 4395197598527432E+01 
1 . 7532824224878784E+01 
1 . 3352284768216181E+01 
8 . 8711523235028178E+00 


92N0D003N0D004 
C  V-reference 

3 . 6000000000000000E+04 
C  Multiplier 

8. 969152798161 1947E-04 
2. 1196341304458191E-01 
2 . 2892032698446565E+00 
1 . 2676760806857976E+01 
1 . 1892184543214533E+02 
9999 
$VINTAGE,  1 
NOD001NOD002 
N0D002N0D003 
NOD001NOD004 
$VINTAGE,  0 

$EOF   User-supplied  header  cards  follow. 
ARG,N0D001,N0D004 
DUM,N0DOO2,N0D003 


V-min 
1 . 0912371692586924E+00 
1 . 2870666666666648E+00 
1 .4144666666666657E+00 
1 . 5059333333333309E+00 
1 . 6480333333333312E+00 


1.5561224490E-04 
4.6683673469E-04 


l.OOOOOOOOOOE+06 


25-Sep-OO  17:32:53 
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E.3     Leads  Connecting  the  Neutral  to  Ground  Rods 

The  following  file  (leads_20_6m.mod)  represents  the  input  DBM  file  for  a  down- 
lead of  20  sections  (Section  5.4). 


BEGIN  NEW  DATA  CASE  — NOSORT— 

DATA  BASE  MODULE 

$ERASE 

ARG,N0D001,N0D021 

DUM , N0D002 , N0D003 , N0D004 , N0D005 , N0D006 , N0D007 , N0D008 , N0D009 , NODOIO , NODOl 1 

DUM,NOD012,NOD013,NOD014,NOD015,NQD016,NDD017,NOD018,NOD019,NOD020 

/BRANCH 

$VINTAGE,  1 

C 

C  This  file  was  created  on  05-Apr-2000,  using  the  m-file  dbm_leads_create.m 

C  this  down  lead  model  consists  of: 

C    number  of  sections  =  20 

C    length  of  =6  meters 

C    radious  of  =  4.800000e+00  mm 

C  The  formulas  to  calculate  these  pareuneters  were  taken 

C  from  Bazelyan  [1978] 

C 

CI        2        3        4        5        6        78 

C  345678901234567890123456789012345678901234567890123456789012345678901234567890 


NOD001NOD002 

N0D002 

NOD002NOD003 

N0D003 

NOD003NOD004 

N0D004 

N0D004N0D005 

N0D005 

N0D005N0D006 

N0D006 

NOD006NOD007 

N0D007 

NOD007NOD008 

N0D008 

N0D008N0D009 

N0D009 

N0D009N0D010 

NODOIO 

NODOlONODOll 

NODOl 1 

NODOl 1N0D012 

NODOl 2 

N0D012N0D013 

N0D013 

N0D013N0D014 

N0D014 

NOD014NOD015 

N0D015 

N0D015N0D016 


0.00046792369217 


0.00000213904839 


0.00046476506816 


0.00000215358573 


0.00046143087709 


0.00000216914704 


0 . 00045790044709 


0.00000218587124 


0.00045414922567 


0.00000220392629 


0.00045014774320 


0.00000222351758 


0.00044586020536 


0.00000224489965 


0.00044124254290 


0.00000226839283 


0.00043623964636 


0.00000229440728 


0.00043078133967 


0.00000232347905 


0.00042477633215 


0.00000235632577 


0.00041810279405 


0.00000239393621 


0.00041059300547 


0.00000243772155 


0.00040200695485 


0.00000248978633 


0.00039198370977 
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N0D016  0.00000255345157 

N0D016N0D017  0.00037994346804 

N0D017  0.00000263436933 

N0D017N0D018  0.00036486460235 

NOD018  0.00000274324068 

N0D018NQD019            »  0.00034467626815 

N0D019  0.00000290391742 

NOD019NOD020  0.00031402673072 

N0D020  0.00000318734465 

N0D020N0D021  0.00024810999340 

N0D021  0.00000403414391 

$VINTAGE,  0 

BEGIN  NEW  DATA  CASE 

C  ,   ^   •  ..   ;  ■ 

$PUNCH  """■-'-'  ' 

BEGIN  NEW  DATA  CASE 

BLANK 

The  following  file  (leads_20_6m_mod.pch)  is  the  DBM  obtained  when  running 
the  input  DBM  file  leads_20_6m.mod  with  ATP. 

KARD     4     4     5     6     6     7     8     8     9   10  10   11   12   12   13   14   14   15   16   16   17   18   18   19  20     ' 

20  21   22  22  23  24  24  25  26  26  27  28  28  29  30  30  31   32  32  33  34  34  35  36  36      ' 
37  38  38  39  40  40  41  42  42  43 

KARG     1   -1   -1   -1   -2  -2  -2  -3  -3  -3  -4  -4  -4  -5   -5  -5   -6   -6   -6   -7  -7  -7   -8  -8  -8 
-9   -9   -9-10-10-10-11-11-11-12-12-12-13-13-13-14-14-14-15-15-15-16-16-16-17 

KBEG 


KEND 


KTEX 


$ERASE 

/BRANCH 

$VINTAGE,    1 

C 

C  This  file  was   created  on  05-Apr-2000,    using  the  m-file  dbin_leads_create.m 

C  this  down  lead  model  consists  of: 

C  niamber  of   sections  =20 

C         length  of  =6  meters 

C  radious   of  =  4.800000e+00  mm 

C  The  formulas  to  calculate  these  parameters  were  taken 

C  from  Bazelyan    [1978] 

C 

C12345678 

C  345678901234567890123456789012345678901234567890123456789012345678901234567890 
NOD001NOD002  0.00046792369217 

N0D002  0.00000213904839 

NOD002NOD003  0.00046476506816 


7- 

•17- 

■18- 

18- 

18- 

19- 

19 

2- 

19 

2 

3 

9 

3 

3 

9 

3 

3 

9 

3 

3 

9 

3 

3 

9 

3 

3 

9 

3 

3 

9 

3 

3 

9 

3 

3 

9 

3 

3 

9 

3 

3 

9 

3 

3 

9 

3 

3 

9 

3 

3 

9 

3 

3 

9 

3 

3 

9 

3 

3 

9 

3 

3 

9 

3 

3 

9 

3 

9 

3 

3 

8 

14 

8 

8 

14 

8 

8 

14 

8 

8 

14 

8 

8 

14 

8 

8 

14 

8 

8 

14 

8 

8 

14 

8 

8 

4 

8 

8 

14 

8 

8 

14 

8 

8 

14 

8 

8 

14 

8 

8 

14 

8 

8 

14 

8 

8 

14 

8 

8 

14 

8 

8 

14 

8 

8 

14 

8 

14 

8 

8 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 
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0.00000215358573 


0.00046143087709 


0.00000216914704 


0.00045790044709 


0.00000218587124 


0.00045414922567 


0.00000220392629 


0.00045014774320 


0.00000222351758 


0.00044586020536 


0.00000224489965 


0.00044124254290 


0.00000226839283 


0.00043623964636 


0.00000229440728 


0.00043078133967 


0.00000232347905 


0.00042477633215 


0.00000235632577 


0.00041810279405 


0.00000239393621 


N0D003 

NOD003NOD004 

N0D004 

N0D004N0D005 

N0D005 

NOD005NOD006 

NDD006 

N0D006N0D007 

N0D007 

NOD007NOD008 

N0D008 

N0D008N0D009 

N0D009 

N0D009N0D010 

NODOIO 

NODOlONODOll 

NODOll 

NOD011NOD012 

N0D012 

N0D012N0D013 

N0D013 

N0D013N0D014 

N0D014 

NOD014NOD015 

N0D015 

N0D015N0D016 

N0D016 

NOD016NOD017 

N0D017 

N0D017N0D018 

N0D018 

N0DO18N0DO19 

N0D019 

NOD019NOD020 

N0D020 

N0D020N0D021 

N0D021 
$VINTAGE,  0 

$EOF   User-supplied  header  cards  follow. 
ARG,NOD001,NOD021 

DUM , NOD002 , N0D003 , N0D004 , N0D005 , N0D006 , N0D007 , N0D008 , NOD009 , NODOIO , NODOl 1 
DUM , N0D012 , N0D013 , N0D014 , N0D015 , N0D016 , N0D017 , N0D018 , N0D019 , N0D020 


0.00041059300547 


0.00000243772155 


0.00040200695485 


0.00000248978633 


0.00039198370977 


0.00000255345157 


0.00037994346804 


0 . 00000263436933 


0.00036486460235 


0.00000274324068 


0.00034467626815 


0.00000290391742 


0.00031402673072 


0.00000318734465 


0.00024810999340 


0.00000403414391 
05-Apr-OO   17:27:24 


E.4     Ground  Rods 

The  following  file  (rod_50.mod)  represents  the  input  DBM  file  for  a  grounding 
rod  of  50  sections  (Section  5.5). 


BEGIN  NEW  DATA  CASE  — NOSGRT— 

DATA  BASE  MODULE 

$ERASE 


•■r-^:' 
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ARG.NODOOl,  RESISTANCE .INDUCTANCE .CAPACITANCE 

NUM,  RESISTANCE .INDUCTANCE .CAPACITANCE ' 

DUM . N0D002 , N0D003 . N0D004 . N0D005 . N0D006 . N0D007 , NOD008 . N0DO09 . NODOIO , NODOl 1 

DUM.N0DO12.N0DO13.N0DO14.N0D015,N0D016.N0DO17.N0D018.N0DO19,N0DO20.N0D021,N0D022 

DUM .  N0D023 ,  N0D024 .  N0D025 .  N0D026  .  N0D027 .  N0D028 .  N0D029 ,  NOD030 .  N0DO31 .  N0DO32 .  N0D033 

DUM , N0D034 , N0D035 , N0D036 . N0D037 . N0D038 . N0D039 . NOD040 . N0D041 . N0D042 , N0D043 , N0D044 

DUM .  N0D045 .  N0D046 .  N0D047 ,  N0D048 ,  NQD049 .  N0D050 .  N0D05 1 

/BRANCH 

$VINTAGE,  1 

C 

C  This  file  was  created  on  02-May-2000.  using  the  m-file  dbm_grndrod_create.m 

C  this  ground  rod  model  consists  of: 


C 

c 
c 

number  of  sections 

=  50 

1        2 

3 

4         5 

6        7 

C 

345678901234567890123456789012345678901234567890123456789012345678901234! 

NOD001NOD002 

INDUCTANCE... 



N0D002 

RESISTANCE... 

N0D002 

■ 

CAPACITANCE 

NOD002NOD003 

INDUCTANCE... 

NOD003 

RESISTANCE... 

N0D003 

CAPACITANCE 

NOD003NOD004 

INDUCTANCE... 

..- 

N0D004 

RES I STANCE.. _ 

N0D004 

CAPACITANCE 

NOD004NOD005 

INDUCTANCE... 

N0D005 

RESISTANCE... 

N0D005 

CAPACITANCE 

NOD005NOD006 

INDUCTANCE... 

N0D006 

RESISTANCE... 

N0D006 

CAPACITANCE 

NOD006NOD007 
N0D007 

RESISTANCE... 

INDUCTANCE 

N0D007 

CAPACITANCE 

NOD007NOD008 

INDUCTANCE... 

—_■-.. 

N0D008 

RESISTANCE... 

N0D008 

.  CAPACITANCE 

NOD008NOD009 

INDUCTANCE 

N0D009 

RESISTANCE... 

N0D009 

•■  CAPACITANCE 

N0D009NDD010 

INDUCTANCE... 

NODOIO 

RESISTANCE... 

NODOIO 

CAPACITANCE 

NODOlONODOll 

INDUCTANCE... 

NGDOll 

RESISTANCE... 

NODOll 

CAPACITANCE 

NGD011N0D012 

INDUCTANCE... 

N0D012 

N0D012 

RESISTANCE 

CAPACITANCE 

NOD012NOD013 

INDUCTANCE... 

N0D013 

RESISTANCE 

N0D013 

CAPACITANCE 

NOD013NGD014 

INDUCTANCE... 

N0D014 

RESISTANCE 
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N0D014 
N0D014N0D015 
N0D015 

N0D015 
NDD015NOD016 
N0D016 

N0D016 
N0D016N0D017 
N0D017 

N0D017 
NOD017NOD018 
N0D018 

N0D018 
N0D018N0D019 
N0D019 

N0D019 
N0D019N0D020 
N0D020 

N0D020 
NOD020NOD021 
N0D021 

N0D021 
N0D021N0D022 
N0D022 

N0D022 
N0DO22N0DO23 
N0D023 

N0D023 
N0D023N0D024 
N0D024 

N0D024 
N0D024N0D025 
N0D025 

N0D025 
NOD025NOD026 
N0D026 

N0D026 
N0D026N0D027 
N0D027 

N0D027 
NOD027NOD028 
N0D028 

N0D028 
N0D028N0D029 
N0D029 

N0D029 
N0D029N0DO3O 
NOD030 

N0D030 
N0D030N0D031 
N0D031 

N0D031 
N0D031N0D032 
N0D032 


RESISTANCE. 


RESISTANCE. 


RESISTANCE. 


RESISTANCE. 


RESISTANCE. 


RESISTANCE. 


RESISTANCE. 


RESISTANCE. 


RESISTANCE. 


RESISTANCE. 


RESISTANCE. 


RESISTANCE. 


RESISTANCE. 


RESISTANCE. 


RESISTANCE. 


RESISTANCE. 


RESISTANCE. 


RESISTANCE. 


INDUCTANCE. 


INDUCTANCE. 


INDUCTANCE. 


INDUCTANCE. 


INDUCTANCE. 


INDUCTANCE. 


INDUCTANCE. 


INDUCTANCE. 


INDUCTANCE. 


INDUCTANCE. 


INDUCTANCE. 


INDUCTANCE. 


INDUCTANCE. 


INDUCTANCE. 


INDUCTANCE. 


INDUCTANCE. 


INDUCTANCE. 


INDUCTANCE. 


CAPACITANCE. 


CAPACITANCE. 


CAPACITANCE. 


CAPACITANCE. 


CAPACITANCE. 


CAPACITANCE. 


CAPACITANCE. 


CAPACITANCE. 


CAPACITANCE. 


CAPACITANCE. 


CAPACITANCE. 


CAPACITANCE. 


CAPACITANCE. 


CAPACITANCE. 


CAPACITANCE. 


CAPACITANCE. 


CAPACITANCE. 


CAPACITANCE. 


jif/r*--  '  -,1-'  -r: 
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N0D032 
N0D032N0D033 
N0D033 

N0D033 
NOD033NOD034 
N0D034 

N0D034 
N0D034N0D035 
N0D035 

N0D035 
N0D035N0D036 
N0D036 

N0D036 
N0D036N0D037 
N0D037 

N0D037 
N0D037N0D038 
N0D038 

N0D038 
NOD038NOD039 
N0D039 

N0D039 
N0D039N0D040 
N0D040 

NOD040 
N0D040N0D041 
N0D041 

N0D041 
NQD041N0D042 
N0D042 

N0D042 
N0D042N0D043 
N0D043 

N0D043 
NOD043NOD044 
N0D044 

N0D044 
N0DO44N0DO45 
N0D045 

N0D045 
N0D045N0DO46 
N0D046 

N0D046 
NDD046NOD047 
N0D047 

N0D047 
NOD047NOD048 
N0D048 

N0D048 
N0D048N0D049 
N0D049 

N0D049 
N0D049N0DO5O 
N0D050 


RESISTANCE. 


RESISTANCE. 


RESISTANCE. 


RESISTANCE. 


RESISTANCE. 


RESISTANCE. 


RESISTANCE. 


RESISTANCE. 


RESISTANCE. 


RESISTANCE. 


RESISTANCE. 


RESISTANCE. 


RESISTANCE. 


RESISTANCE. 


RESISTANCE. 


RESISTANCE. 


RESISTANCE. 


RESISTANCE. 


INDUCTANCE. 


INDUCTANCE. 


INDUCTANCE. 


INDUCTANCE. 


INDUCTANCE 


INDUCTANCE. 


INDUCTANCE. 


INDUCTANCE. 


INDUCTANCE. 


INDUCTANCE 


INDUCTANCE 


INDUCTANCE 


INDUCTANCE 


INDUCTANCE. 


INDUCTANCE. 


INDUCTANCE. 


INDUCTANCE 


INDUCTANCE. 


CAPACITANCE. 


CAPACITANCE. 


CAPACITANCE. 


CAPACITANCE. 


CAPACITANCE. 


CAPACITANCE. 


CAPACITANCE. 


CAPACITANCE. 


CAPACITANCE. 


CAPACITANCE. 


CAPACITANCE. 


CAPACITANCE. 


CAPACITANCE. 


CAPACITANCE. 


CAPACITANCE. 


CAPACITANCE. 


CAPACITANCE. 


CAPACITANCE 
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N0D050  CAPACITANCE 

N0D050N0D051  INDUCTANCE 

N0D051  RESISTANCE 

N0D051  CAPACITANCE 

SVINTAGE,  0 

BEGIN  NEW  DATA  CASE 

C 

$PUNCH 

BEGIN  NEW  DATA  CASE 

BLANK 

The  following  file  (rod_50_mod .  pch)  is  the  DBM  obtained  when  running  the  input 
DBM  file  rod_50 .  mod  with  ATP. 

KARD  4  4  4  5  5  6  6  7  7  7  8  8  9  9  10  10  10  11  11  12  12  13  13  13  14 

14  15  15  16  16  16  17  17  18  18  19  19  19  20  20  21  21  22  22  22  23  23  24  24  25 

25  25  26  26  27  27  28  28  28  29  29  30  30  31  31  31  32  32  33  33  34  34  34  35  35 

36  36  37  37  37  38  38  39  39  40  40  40  41  41  42  42  43  43  43  44  44  45  45  46  46 

46  47  47  48  48  49  49  49  50  50  51  51  52  52  52  53  53  54  54  55  55  55  56  56  57 

57  58  58  58  59  59  60  60  61  61  61  62  62  63  63  64  64  64  65  65  66  66  67  67  67 

68  68  69  69  70  70  70  71  71  72  72  73  73  73  74  74  75  75  76  76  76  77  77  78  78 

79  79  79  80  80  81  81  82  82  82  83  83  84  84  85  85  85  86  86  87  87  88  88  88  89 

89  90  90  91  91  91  92  92  93  93  94  94  94  95  95  96  96  97  97  97  98  98  99  99100 

100100101101102102103103103104104105105106106106107107108108109109109110110 

111111112112112113113114114115115115116116117117118118118119119120120121121 

121122122123123124124124125125126126127127127128128129129130130130131131132 

132133133133134134135135136136136137137138138139139139140140141141142142142 

143143144144145145145146146147147148148148149149150150151151151152152153153 

0 

KARG  1  3-1  2-1  4-1  3-1-2  2-2  4-2  3-2-3  2-3  4-3  3  -3  -4  2 

-5  3-5-6  2-6  4-6  3  -6  -7  2-7  4-7  3 

2-9  4-9  3  -9-10  2-10  4-10  3-10-11  2-11 

3-12-13  2-13  4-13  3-13-14  2-14  4-14  3-14 
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APPENDIX  F 
FREQUENCY  RESPONSE  OF  GROUND  RODS 


In  this  appendix  we  show  the  computed  magnitude  of  the  impedance  {\Z{juj)\  = 
\V{ju)/I{ju)\)  of  the  grounding  rod  as  a  function  of  frequency,  using  the  model 
presented  in  Section  5.5,  for  different  low-frequency,  low-current  resistances,  relative 
permitivity,  and  rod  lengths.  The  resistance  values  are  10,  100,  and  1000  fi,  relative 
permittivity,  Cr,  values  1  and  10,  and  rod  length  values  24.1  and  2.4m.  As  seen  from 
Figures  F.l  to  F.12,  in  a  10  MHz  frequency  range,  the  magnitude  of  the  grounding 
impedance  varies  as  much  as  two  orders  in  magnitude  above  and/or  below  the  low- 
frequency,  low-current  resistance,  depending  on  the  length  of  the  rod  and  the  relative 
permittivity  of  the  soil. 
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Figure  F.l:  Frequency  response  of  a  vertically  driven  ground  electrode  of  24.4  m,  with 
Cr  =  1,  and  a  low- frequency  low-current  resistance  of  lOQ  for  different  number  of 
R  —  L  —  C  sections  n  (see  Figure  5.8). 
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Frequency  (Hz) 

Figure  F.2:  Frequency  response  of  a  vertically  driven  ground  electrode  of  24.4  m,  with 
er  —  I,  and  a  low- frequency  low-current  resistance  of  100  f)  for  different  number  of 
R  —  L  —  C  sections  n  (see  Figure  5.8). 
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Frequency  (Hz)  r-    ■ 

Figure  F.3:  Frequency  response  of  a  vertically  driven  ground  electrode  of  24.4  m,  with 
€r  =  I,  and  a  low-frequency  low-current  resistance  of  1000 Q  for  different  number  of 
R  —  L  —  C  sections  n  (see  Figure  5.8). 


Frequency  (Hz) 

Figure  F.4:  Frequency  response  of  a  vertically  driven  ground  electrode  of  24.4  m,  with 
Cr  =  10,  and  a  low-frequency  low-current  resistance  of  10  Q  for  different  number  of 
R  —  L  —  C  sections  n  (see  Figure  5.8). 
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'         .  Frequency  (Hz)  • 

Figure  F.5:  Frequency  response  of  a  vertically  driven  ground  electrode  of  24.4  m,  with 
er  —  10,  and  a  low-frequency  low-current  resistance  of  100  fl  for  different  number  of 
i?  —  1/ —  C  sections  n  (see  Figure  5.8). 
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Figure  F.6:  Frequency  response  of  a  vertically  driven  ground  electrode  of  24.4  m,  with 
er  =  10,  and  a  low-frequency  low-current  resistance  of  1000  fi  for  different  number  of 
R  —  L  —  C  sections  n  (see  Figure  5.8). 
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Figure  F.7:  Frequency  response  of  a  vertically  driven  ground  electrode  of  2.4  m,  with 
€r  —  1,  and  a  low-frequency  low-current  resistance  of  10  f]  for  different  number  of 
R  —  L  —  C  sections  n  (see  Figure  5.8). 
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Figure  F.8:  Frequency  response  of  a  vertically  driven  ground  electrode  of  2.4  m,  with 
er  =  1,  and  a  low-frequency  low-current  resistance  of  100  Q  for  different  number  of 
R  —  L  —  C  sections  n  (see  Figure  5.8). 
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Frequency  (Hz) 

Figure  F.9:  Frequency  response  of  a  vertically  driven  ground  electrode  of  2.4  m,  with 
e^  =  1,  and  a  low-frequency  low-current  resistance  of  1000  fi  for  different  number  of 
R  —  L  —  C  sections  n  (see  Figure  5.8). 


Frequency  (Hz) 

Figure  F.IO:  Frequency  response  of  a  vertically  driven  ground  electrode  of  2.4  m,  with 
er  —  10,  and  a  low-frequency  low-current  resistance  of  10  fl  for  different  number  of 
R  —  L  —  C  sections  n  (see  Figure  5.8). 
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Figure  F.ll:  Frequency  response  of  a  vertically  driven  ground  electrode  of  2.4  m,  with 
er  =  10,  and  a  low-frequency  low-current  resistance  of  100  Q  for  different  number  of 
R  —  L  —  C  sections  n  (see  Figure  5.8). 


Frequency  (Hz) 

Figure  F.12:  Frequency  response  of  a  vertically  driven  ground  electrode  of  2.4  m,  with 
Cr  =  10,  and  a  low-frequency  low-current  resistance  of  1000  Q,  for  different  number  of 
R  —  L  —  C  sections  n  (see  Figure  5.8). 


APPENDIX  G 
WAVEFORMS  ARITHMETIC 


To  add,  subtract,  or  multiply  recorded  waveforms,  it  was  necessary  to  represent 
them  on  a  common  time  scale  by  compensating  for  delays  of  the  Fiber  Optic  Links  (see 
Appendix  C).  As  an  example,  suppose  we  want  to  sum  two  measured  waveforms  {as 
seen  in  Figure  G.l)  Waveform  1  and  Waveform  2.  Because  of  Fiber  Optic  time  delays, 
and  possible  different  sampling  frequencies,  sampling  times  of  the  two  waveforms  do 
not  necessarily  coincide  (^a  7^  ^d,  ^a  +  ^^  7^  ^d  +  Ai,  . .  .t^  +  nAi  7^  ^d  +  nlSi  ). 
The  sampling  points  of  Waveform  1  are  represented  by  the  blank  triangles  and  the 
sampling  points  of  Waveform  2  are  represented  by  the  blank  boxes.  Therefore,  we 
re-sample  the  waveforms  at  a  common  discrete  time  vector  (^c,  ^c  +  A^,  ■  ■  ■tc  +  nAi) 
by  performing  a  linear  interpolation  at  every  time  step  in  the  two  waveforms  to  be 
processed.  The  re-sampled  points  of  Waveform  1  and  Waveform  2  are  represented 
by  the  blank  circles.  Once  the  two  waveforms  have  been  re-sampled  at  a  common 
discrete  time  vector,  any  waveform  operations  can  be  performed.  The  re-sampled 
points  that  result  from  the  addition  of  the  two  waveforms  are  represented  by  the 
black-filled  circles. 
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tr  +  2At 


Figure  G.l:  Re-sampling  and  interpolating  digitally  recorded  data  to  sum  or  subtract 
waveforms. 
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APPENDIX  H 
1999  AND  2000  DATA  PRESENTATION 


In  this  appendix  we  show  all  waveforms  for  flash  UF-9916  acquired  during  the 
1999  experiments  and  incident  current,  currents  to  ground,  neutral,  and  phase  C 
arresters  and  phase  currents  for  each  stroke  of  all  flashes  acquired  during  the  2000 
experiments  on  a  100-//S  scale.  The  automated  data  acquisition  system  implemented 
in  the  2000  experiments  by  the  author  of  this  manuscript  allowed  us  to  present  the 
complete  2000  data  in  this  format. 

Data  for  flash  UF-9916  is  presented,  as  an  example,  since  neither  arrester  failures 
nor  flashovers  were  observed  (see  Section  6.2).  The  strike  point  was  located  at  the 
mid-point  between  poles  9  and  10  (see  Section  C.1.3). 

These  waveforms  are  shown  on  pages  254  to  278.  The  peak  current  (shown  in 
Figure  H.l)  was  about  -7  kA,  having  a  rise-time  of  about  2  ^s.  Phase  currents  arriving 
at  Pole  9  are  shown  in  Figures  H.2,  H.3,  and  H.4  on  1  ms,  200  //s,  and  50  jis  time  scales, 
respectively.  Phase  currents  arriving  at  Pole  8  are  shown  in  Figures  H.5,  H.6,  and 
H.7  on  1  ms,  200 //s,  and  50 /is  time  scales,  respectively.  Phase  A  arrester  current  and 
voltage  at  Pole  8  are  shown  in  Figures  H.8,  H.9,  and  H.IO  on  1ms,  200 /xs,  and  50  ^s 
time  scales,  respectively.  Phase  B  arrester  current  and  voltage  at  Pole  8  are  shown 
in  Figures  H.ll,  H.12,  and  H.13  on  1ms,  200 //s,  and  50 /xs  time  scales,  respectively. 
Phase  C  arrester  current  and  voltage  at  Pole  8  are  shown  in  Figures  H.14,  H.15,  and 
H.16  on  1ms,  200 /xs,  and  50 /iS  time  scales,  respectively.  Phase  to  phase  voltage  at 
pole  8  is  shown  in  Figure  H.17  on  different  time  scales.  Phase  currents  at  Pole  7 
(currents  through  the  terminating  resistors)  are  shown  in  Figures  H.18,  H.19,  and 
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H.20  on  1  ms,  200 /Lts,  and  50 /xs  time  scales,  respectively.  Currents  to  ground  at  poles 
7,  8,  11,  and  12  are  shown  in  Figures  H.21,  H.22,  and  H.23,  on  1  ms,  200 /xs,  and  50 /xs 
time  scales,  respectively.  Figure  H.24  shows  the  comparison  of  the  sum  of  currents 
to  ground  and  the  total  lightning  current.  Note  that  the  sum  of  currents  to  ground 
are  larger  than  the  incident  current.  This  could  be  due  to  the  fact  that  in  1999  no 
end-to-end  calibration  factors  were  experimentally  obtained  for  current  sensors.  The 
comparison  of  computed  difference  between  measured  voltages  {Vbns  and  V^a^s)  and 
measured  voltage  [Ve^ig]  is  shown  in  Figure  H.25,  and  their  difference  was  attributed 
to  the  nonlinear  behavior  of  the  resistors  used  on  the  voltage  dividers  in  the  1999 
experiments  when  exposed  to  high  voltages. 

Data  for  strokes  1-5  of  flash  FPLOOll  are  shown  in  Figures  H.26-H.30.  Data 
for  strokes  1-3  of  flash  FPL0014  are  shown  in  Figures  H.31-H.33.  Data  for  strokes 
1-6  of  flash  FPL0018  are  shown  in  Figures  H.34-H.39.  Data  for  strokes  1-7  of  flash 
FPL0032  are  shown  in  Figures  H.40-H.46.  Data  for  stroke  1  of  flash  FPL0033  is  shown 
in  Figure  H.47.  Data  for  strokes  1-4  of  flash  FPL0034  are  shown  in  Figures  H.48- 
H.51.  Data  for  strokes  1-5  of  flash  FPL0036  are  shown  in  Figures  6.18-H.55.  Data 
for  strokes  1-2  of  flash  FPL0037  are  shown  in  Figures  H.56-H.57. 
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Figure  H.l:  Total  lightning  current  [li]  for  the  first  return  stroke  of  flash  UF-9916, 
displayed  on  three  different  time  scales,  a)  10  ms;  b)  200 /is;  c)  50 /iS. 
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Figure  H.2:  Phase  current  versus  time  waveforms  at  Pole  9  for  the  first  return  stroke 
of  flash  UF-9916,  displayed  on  a  10  ms  scale,  a)  Phase  A  current  [/^g];  b)  Phase  B 
current  [/^g];  c)  Phase  C  current  [leg]- 
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Figure  H.3:  Phase  current  versus  time  waveforms  at  Pole  9  for  the  first  return  stroke 
of  flash  UF-9916,  displayed  on  a  200 /is  scale,  a)  Phase  A  current  [/^g];  b)  Phase  B 
current  [1 39];  c)  Phase  C  current  [Icd]- 
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Figure  H.4:  Phase  current  versus  time  waveforms  at  Pole  9  for  the  first  return  stroke 
of  flash  UF-9916,  displayed  on  a  50 //s  scale,  a)  Phase  A  current  [//ig];  b)  Phase  B 
current  [/bq];  c)  Phase  C  current  [leg]- 


258 


100 


50 


G       0 
f-i 

o 

-50 


-100 


n r 


3  4  5 

Time  in  ms 


n 1 1 1 1 r 


mmmmmm 


mmm 


3  4  5 

Time  in  ms 


c) 


Figure  H.5:  Phase  current  versus  time  waveforms  at  Pole  8  for  the  first  return  stroke 
of  flash  UF-9916,  displayed  on  a  10  ms  scale,  a)  Phase  A  current  [Ias]',  b)  Phase  B 
current  [Ibs];  c)  Phase  C  current  [Ics]- 
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Figure  H.6:  Phase  current  versus  time  waveforms  at  Pole  8  for  the  first  return  stroke 
of  flash  UF-9916,  displayed  on  a  200 //s  scale,  a)  Phase  A  current  [I as];  b)  Phase  B 
current  [Ibs]',  c)  Phase  C  current  [Ics]- 
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Figure  H.7:  Phase  current  versus  time  waveforms  at  Pole  8  for  the  first  return  stroke 
of  flash  UF-9916,  displayed  on  a  50 /is  scale,  a)  Phase  A  current  [Ia&];  b)  Phase  B 
current  [Ibs]',  c)  Phase  C  current  [Ics]- 
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Figure  H.8:  Phase  A  arrester  at  Pole  8  current  and  voltage  versus  time  waveforms 
for  the  first  return  stroke  of  flash  UF-9916,  displayed  on  a  10  ms  scale,  a)  Current 
through  the  arrester  [Ians]',  b)  Voltage  across  the  arrester  [Vaats]; 
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Figure  H.9:  Phase  A  arrester  at  Pole  8  current  and  voltage  versus  time  waveforms 
for  the  first  return  stroke  of  flash  UF-9916,  displayed  on  a  200 /xs  scale,  a)  Current 
through  the  arrester  [Ians]',  b)  Voltage  across  the  arrester  [V^yvs]; 
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Figure  H.IO:  Phase  A  arrester  at  Pole  8  current  and  voltage  versus  time  waveforms 
for  the  first  return  stroke  of  flash  UF-9916,  displayed  on  a  50 /iS  scale,  a)  Current 
through  the  arrester  [Ians]',  b)  Voltage  across  the  arrester  [Faa^s]; 
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Figure  H.ll:  Phase  B  arrester  at  Pole  8  current  and  voltage  versus  time  waveforms 
for  the  first  return  stroke  of  flash  UF-9916,  displayed  on  a  10  ms  scale,  a)  Current 
through  the  arrester  [Ibns]',  b)  Voltage  across  the  arrester  [Vsats]; 
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Figure  H.12:  Phase  B  arrester  at  Pole  8  current  and  voltage  versus  time  waveforms 
for  the  first  return  stroke  of  flash  UF-9916,  displayed  on  a  200 /iS  scale,  a)  Current 
through  the  arrester  [Ibns]',  b)  Voltage  across  the  arrester  [Vsats]; 
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Figure  H.13:  Phase  B  arrester  at  Pole  8  current  and  voltage  versus  time  waveforms 
for  the  first  return  stroke  of  flash  UF-9916,  displayed  on  a  50 /xs  scale,  a)  Current 
through  the  arrester  [/b/vs];  b)  Voltage  across  the  arrester  [Vstvs]; 
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Figure  H.14:  Phase  C  arrester  at  Pole  8  current  and  voltage  versus  time  waveforms 
for  the  first  return  stroke  of  flash  UF-9916,  displayed  on  a  10  ms  scale,  a)  Current 
through  the  arrester  [Icns]',  b)  Voltage  across  the  arrester  [Vctvs]; 
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Figure  H.15:  Phase  C  arrester  at  Pole  8  current  and  voltage  versus  time  waveforms 
for  the  first  return  stroke  of  flash  UF-9916,  displayed  on  a  200  ^s  scale,  a)  Current 
through  the  arrester  [Icns]]  b)  Voltage  across  the  arrester  [Vcyvs]; 
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Figure  H.16:  Phase  C  arrester  at  Pole  8  current  and  voltage  versus  time  waveforms 
for  the  first  return  stroke  of  flash  UF-9916,  displayed  on  a  50 /iS  scale,  a)  Current 
through  the  arrester  [Icns]',  b)  Voltage  across  the  arrester  [V^yvs]; 
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Figure  H.17:  Phase  to  phase  voltage  versus  time  waveform  at  Pole  8  [Vbas]  for  the 
first  return  stroke  of  Flash  UF-9916,  displayed  on  different  time  windows,  a)  10  ms; 
b)  200  ^s;  c)  50 /iS. 
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Figure  H.18:  Phase  current  versus  time  waveforms  at  Pole  7  for  the  first  return  stroke 
of  flash  UF-9916,  displayed  on  a  10ms  scale,  a)  Phase  A  current  [Iai]]  b)  Phase  B 
current  [7^7];  c)  Phase  C  current  [Icr]- 
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Figure  H.19:  Phase  current  versus  time  waveforms  at  Pole  7  for  the  first  return  stroke 
of  flash  UF-9916,  displayed  on  a  200 /Lis  scale,  a)  Phase  A  current  [Ia?];  b)  Phase  B 
current  [7^7];  c)  Phase  C  current  [Ic?]- 
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Figure  H.20:  Phase  current  versus  time  waveforms  at  Pole  7  for  the  first  return  stroke 
of  flash  UF-9916,  displayed  on  a  50 /xs  scale,  a)  Phase  A  current  [Iaj]]  b)  Phase  B 
current  [I by];  c)  Phase  C  current  [Ic?]- 
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Figure  H.21:  Currents  to  ground  versus  time  waveforms  at  Poles  7,  8,  11,  and  12  for 
the  first  return  stroke  of  Flash  UF-9916,  displayed  on  a  10  ms  scale,  a)  Current  to 
ground  at  pole  7  [Igt]]  b)  Current  to  ground  at  pole  8  [Igs];  c)  Current  to  ground  at 
pole  11  [Iqu];  d)  Current  to  ground  at  pole  12  [Igit]- 
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Figure  H.22:  Currents  to  ground  versus  time  waveforms  at  Poles  7,  8,  11,  and  12  for 
the  first  return  stroke  of  Flash  UF-9916,  displayed  on  a  200 /LiS  scale,  a)  Current  to 
ground  at  pole  7  [lor];  b)  Current  to  ground  at  pole  8  [Igs];  c)  Current  to  ground  at 
pole  11  [/gii];  d)  Current  to  ground  at  pole  12  [Iqu]- 
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Figure  H.23:  Currents  to  ground  versus  time  waveforms  at  Poles  7,  8,  11,  and  12  for 
the  first  return  stroke  of  Flash  UF-9916,  displayed  on  a  50 /xs  scale,  a)  Current  to 
ground  at  pole  7  [Icr];  b)  Current  to  ground  at  pole  8  [Igs]',  c)  Current  to  ground  at 
pole  11  [/gii];  d)  Current  to  ground  at  pole  12  [/gi2]- 
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Figure  H.24:  Comparison  of  the  sum  of  currents  to  ground  (J^h  =  ^G7  +  Igs  + 
■^Gii  +  -^012)  and  the  total  Hghtning  current  [/j]  for  the  first  return  stroke  of  Flash 
UF-9916,  displayed  on  200 /is  and  50 /xs.  The  dashed  line  is  the  sum  of  currents 
to  ground  (^/g)  and  the  sohd  line  is  the  lightning  channel  current,  a)  200 /is;  b) 
50  /xs;  c)  Percent  difference  between  currents  to  ground  and  lightning  channel  current 
calculated  as  follows:  A/%  =  [(/.(i)  -^lG)/Ii{t)]  *  100. 
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Figure  H.25:  Comparison  of  computed  difference  between  measured  voltages  (Vsats 
and  KiATg)  and  measured  voltage  [Vbas]  for  the  first  return  stroke  of  Flash  UF-9916, 
displayed  in  different  time  windows.  The  dashed  line  is  the  calculated  voltage  (VsAfs- 
Van%)  that  was  obtained  by  subtracting  the  measurements  of  [Vbjvs]  and  [Vaats].  a) 
200 /is.  b)  50 /is.  c)  20 /is. 
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APPENDIX  I 
CHARACTERISTICS  OF  CURRENT  WAVEFORMS  FOR  THE  2000 

EXPERIMENTS 


In  this  appendix  we  present,  in  tabular  form,  the  various  characteristics  of  mea- 
sured current  waveforms  for  every  return  stroke  of  each  flash  triggered  in  the  2000 
experiments.  Frequency  domain  analysis  tables  and  3-D  bar  plots  (Figures  I.l,  1.2, 
1.3,  1.4,  1.5,  1.6,  1.7,  1.8,  1.9,  I.IO,  1. 11,  1.12,  1.13,  1.14,  1.15,  and  1.16),  showing  the 
charge  transferred  to  ground  at  different  points  on  the  line,  are  additionally  presented 
for  flashes  FPL0014,  FPL0018,  FPL0034,  FPL0036,  and  FPL0037,  in  which  no  trig- 
gering wires  were  involved  (trailing  wires  going  over  the  transmission  line  at  the  time 
of  a  trigger). 

The  time  domain  tables  (Tables  I.l,  1.2,  1.3,  1.4,  1.5,  1.6,  1.8,  1.10,  1.12,  1.14,  1.16, 
1.18,  1.20,  1.22,  1.24,  1.25,  1.26,  1.27,  1.28,  1.29,  1.30,  1.31,  1.32,  1.34,  1.36,  1.38,  1.40, 
1.42,  1.44,  1.46,  1.48,  1.50,  1.52,  and  1.54)  contain  information  on  the  peak  current 
and  charge  transferred  (calculated  from  current  waveforms)  in  three  different  time 
windows  (100 /xs,  500 //s,  and  1ms).  The  frequency  domain  tables  (Tables  1.7,  1.9, 
I.ll,  1.13, 1.15, 1.17, 1.19, 1.21, 1.23, 1.33, 1.35, 1.37, 1.39, 1.41, 1.43, 1.45, 1.47, 1.49, 1.51, 
1.53,  and  1.55)  give  the  power  spectrum  density  (Embree  and  Danieli  1999)  integrated 
over  a  frequency  band  (a  measure  of  the  power  of  the  signal  in  that  frequency  band) 
in  percentage  of  the  power  spectrum  density  integrated  over  the  bandwidth  of  the 
meeisurement  (see  Section  6.3). 
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Table  I.l:  Peak  current  and  charge  transferred  at  different  points  in  the 
culated  at  three  different  instants  of  time  (100 //s,  500 //s,  and  1ms)  for 
flash  FPLOOll 


system  cal- 
stroke  1  of 


ID 

Peak 

[kA] 

Charge  calculated  in  different  time  windows 

Saturation 

IOC 

^s 

500 

^s 

1ms 

C 

% 

[C] 

% 

C 

% 

/. 

-17.04 

-1.17 

100.0 

-2.50 

100.0 

-2.88 

100.0 

Slight 

Imi 

<-15.97 

<-1.16 

>99.0 

<-2.47 

>98.6 

<-2.82 

>98.2 

Severe 

hi 

<-1.20 

<-0.11 

>9.5 

<-0.57 

>22.9 

<-0.83 

>28.9 

Severe 

ICNI 

-0.16 

-0.01 

0.8 

-0.04 

1.7 

-0.07 

2.6 

- 

Igx 

-1.40 

-0.10 

8.4 

-0.22 

9.0 

-0.26 

9.1 

Shght 

ICN2 

- 

- 

- 

- 

- 

- 

- 

- 

In2 

-1.25 

-0.09 

7.8 

-0.27 

10.9 

-0.31 

10.7 

- 

Ig2 

-1.66 

-0.12 

10.0 

-0.25 

10.0 

-0.29 

10.1 

Slight 

JcN5 

-1.46 

-0.08 

6.6 

-0.11 

4.2 

-0.11 

3.7 

- 

Ia5 

-0.24 

-0.00 

0.1 

-0.00 

0.0 

-0.00 

0.0 

- 

Ibo 

- 

- 

- 

- 

- 

- 

- 

- 

IC5 

-1.47 

-0.10 

8.5 

-0.16 

6.5 

-0.20 

6.9 

- 

Igs 

-2.76 

-0.17 

14.2 

-0.34 

13.7 

-0.39 

13.7 

- 

Ians 

-2.76 

-0.17 

14.2 

-0.34 

13.7 

-0.39 

13.7 

- 

Ibns 

-0.07 

0.00 

0.1 

0.00 

0.0 

-0.00 

0.0 

- 

ICN8 

-0.07 

0.00 

0.1 

0.00 

0.0 

-0.00 

0.0 

- 

In8 

-2.67 

-0.20 

16.9 

-0.54 

21.7 

-0.63 

21.8 

- 

Ig8 

-2.67 

-0.20 

16.9 

-0.54 

21.7 

-0.63 

21.8 

- 

Ia9 

-0.18 

-0.00 

0.0 

0.00 

0.0 

0.00 

0.0 

- 

Ib9 

-0.43 

0.00 

0.0 

0.00 

0.0 

0.00 

0.0 

- 

IC9 

-6.87 

-0.46 

39.6 

-0.94 

37.7 

-1.11 

38.8 

- 

ICNU 

- 

- 

- 

- 

- 

- 

- 

- 

Igii 

-5.10 

-0.10 

8.6 

-0.18 

7.4 

-0.21 

7.3 

- 

IcNU 

-0.90 

-0.05 

4.6 

-0.09 

3.6 

-0.09 

3.1 

- 

Igia 

-1.48 

-0.07 

6.4 

-0.15 

6.1 

-0.18 

6.1 

- 

IcNn 

-1.40 

-0.09 

7.8 

-0.13 

5.2 

-0.13 

4.6 

- 

Igii 

<-1.96 

<-0.15 

>12.5 

<-0.29 

>11.4 

<-0.31 

>10.9 

Severe 

Igi8 

<-1.90 

<-0.14 

>12.0 

<-0.35 

>14.2 

<-0.42 

>14.5 

Severe 

•  r 
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Table  1.2:  Peak  current  and  charge  transferred  at  different  points  in  the 
culated  at  three  different  instants  of  time  (100 /is,  500 //s,  and  1ms)  for 
flash  FPLOOll. 


system  cal- 
stroke  2  of 


ID 

Peak 

[kA] 

Charge  calculated  in  different  time  windows 

Saturation 

100 

^s 

500 

/iS 

1  ms 

[C] 

% 

C 

% 

C 

% 

U 

<-27.71 

<-1.74 

>100.0 

<-3.94 

>100.0 

<-6.24 

>100.0 

Severe 

Imi 

<-15.97 

<-1.44 

>82.6 

<-3.62 

>91.9 

<-5.90 

>94.4 

Severe 

hi 

<-1.20 

<-0.11 

>6.4 

<-0.57 

>14.5 

<-1.13 

>18.0 

Severe 

ICNI 

-0.23 

-0.01 

0.6 

-0.03 

0.8 

-0.04 

0.6 

Slight 

Igi 

-1.69 

-0.10 

5.9 

-0.22 

5.6 

-0.35 

5.7 

Slight 

ICN2 

- 

- 

- 

- 

- 

- 

- 

- 

In2 

<-2.80 

<-0.18 

>10.2 

<-0.99 

>25.2 

<-1.33 

>21.3 

Severe 

Ig2 

<-2.01 

<-0.13 

>7.6 

<-0.28 

>7.0 

<-0.43 

>7.0 

Severe 

IcN5 

-2.02 

-0.06 

3.3 

-0.06 

1.5 

-0.06 

0.9 

- 

Ia5 

-0.57 

-0.00 

0.2 

-0.00 

0.1 

-0.00 

0.1 

- 

Ib5 

- 

- 

- 

- 

- 

- 

- 

- 

IC5 

-1.96 

-0.14 

8.1 

-0.17 

4.4 

-0.18 

2.8 

- 

Ig5 

-3.83 

-0.22 

12.8 

-0.40 

10.2 

-0.61 

9.8 

Slight 

I  AN  8 

-3.83 

-0.22 

12.8 

-0.40 

10.2 

-0.61 

9.8 

Slight 

Ibn& 

-1.12 

-0.00 

0.1 

-0.00 

0.1 

-0.00 

0.1 

- 

ICN& 

-1.12 

-0.00 

0.1 

-0.00 

0.1 

-0.00 

0.1 

- 

Ins 

<-3.96 

<-0.34 

>19.3 

<-0.85 

>21.7 

<-0.85 

>13.6 

Severe 

Iqs 

-7.74 

-0.19 

10.7 

-0.27 

7.0 

-0.39 

6.3 

- 

Ia9 

-0.36 

-0.00 

0.1 

-0.00 

0.0 

-0.00 

0.0 

- 

Ib9 

<-0.80 

<-0.01 

>0.7 

<-0.02 

>0.5 

<-0.02 

>0.4 

Severe 

IC9 

-10.54 

-0.79 

45.4 

-2.41 

61.2 

-4.16 

66.5 

Slight 

ICNII 

- 

- 

- 

- 

- 

- 

- 

- 

Igu 

-8.32 

-0.15 

8.3 

-0.22 

5.7 

-0.33 

5.3 

- 

ICN 14 

-1.42 

-0.08 

4.4 

-0.09 

2.2 

-0.09 

1.4 

- 

Igu 

-2.70 

-0.11 

6.1 

-0.19 

4.8 

-0.28 

4.5 

- 

IcNn 

-1.90 

-0.13 

7.5 

-0.16 

4.0 

-0.16 

2.5 

- 

Ion 

<-1.98 

<-0.17 

>10.0 

<-0.31 

>8.0 

<-0.47 

>7.5 

Severe 

Icis 

<-1.93 

<-0.17 

>9.5 

<-0.40 

>10.2 

<-0.63 

>10.2 

Severe 
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Table  1.3:  Peak  current  and  charge  transferred  at  different  points  in  the  system  cal- 
culated at  three  different  instants  of  time  (100 /US,  500  ^s,  and  1ms)  for  stroke  3  of 


flash  FP 

LOOll. 

ID 

Peak 

[kA] 

Charge  calculated  in  different  time  windows 

Saturation 

100 /is 

500 /is 

1ms 

[C] 

% 

C] 

% 

[C 

% 

Ir 

-19.33 

-0.62 

100.0 

-1.72 

100.0 

-3.02 

100.0 

- 

Imi 

<-15.97 

<-0.62 

>99.1 

<-1.69 

>98.2 

<-2.96 

>97.9 

Severe 

hi 

<-1.20 

<-0.11 

>17.8 

<-0.57 

>33.3 

<-1.15 

>38.0 

Severe 

ICNI 

-0.19 

-0.00 

0.8 

-0.01 

0.4 

-0.01 

0.3 

- 

Igi 

-0.73 

-0.05 

8.2 

-0,15 

8.8 

-0.27 

8.9 

- 

ICN2 

- 

- 

- 

- 

- 

- 

- 

- 

In2 

-1.08 

-0.08 

12.1 

-0.26 

15.3 

-0.47 

15.7 

- 

Ig2 

-1.32 

-0.06 

9.8 

-0.17 

10.0 

-0.30 

10.0 

- 

IcN5 

-0.92 

-0.01 

1.8 

-0.01 

0.7 

-0.01 

0.4 

- 

Ia5 

-0.34 

-0.00 

0.1 

-0.00 

0.0 

-0.00 

0.0 

- 

Ibs 

- 

- 

- 

- 

- 

- 

- 

- 

IC5 

-0.79 

-0.02 

3.6 

-0.03 

1.5 

-0.03 

1.0 

- 

Ig5 

-2.25 

-0.09 

14.6 

-0.24 

13.9 

-0.41 

13.7 

- 

Ian& 

-2.25 

-0.09 

14.6 

-0.24 

13.9 

-0.41 

13.7 

- 

IbN8 

-2.25 

-0.09 

14.6 

-0.24 

13.9 

-0.41 

13.7 

- 

IcN8 

-6.62 

-0.31 

50.2 

-1.10 

64.2 

-2.04 

67.4 

- 

Ins 

-2.07 

-0.16 

26.2 

-0.49 

28.8 

-0.51 

16.7 

- 

Ig8 

-5.65 

-0.07 

11.4 

-0.16 

9.2 

-0.26 

8.6 

- 

Ia9 

-0.15 

0.00 

0.0 

0.00 

0.0 

0.00 

0.0 

- 

Ib9 

<-0.78 

<0.00 

>0.0 

<0.00 

>0.0 

<0.00 

>0.0 

Severe 

IC9 

-7.27 

-0.35 

56.3 

-1.16 

67.6 

-2.12 

70.1 

- 

IcNll 

- 

- 

- 

- 

- 

- 

- 

- 

Igu 

-5.48 

-0.05 

8.2 

-0.13 

7.3 

-0.22 

7.2 

- 

ICNIA 

-0.78 

-0.02 

2.5 

-0.02 

0.9 

-0.02 

0.5 

- 

Igu 

-1.81 

-0.04 

5.8 

-0.10 

5.8 

-0.18 

5.9 

- 

ICNU 

-0.76 

-0.03 

4.5 

-0.03 

1.6 

-0.03 

1.0 

- 

Ian 

<-1.98 

<-0.07 

>10.8 

<-0.19 

>10.9 

<-0.33 

>10.8 

Severe 

Igi8 

-1.03 

-0.07 

10.9 

-0.22 

13.0 

-0.42 

13.8 

- 
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Table  1.4:  Peak  current  and  charge  transferred  at  different  points  in  the  system  cal- 
culated at  three  different  instants  of  time  (100 /xs,  500 /is,  and  1ms)  for  stroke  4  of 


flash  FPLOOll. 

ID 

Peak 

[kA] 

Charge  calculated  in  different  time  windows 

Saturation 

100 /is 

500 /is 

1ms 

C] 

% 

[C] 

% 

[C] 

% 

/. 

<-31.93 

<-2.08 

>100.0 

<-4.41 

>100.0 

<-5.76 

>100.0 

Severe 

iMi 

<-15.97 

<-1.46 

>70.5 

<-3.78 

>85.7 

<-5.10 

>88.5 

Severe 

lu 

<-1.20 

<-0.11 

>5.4 

<-0.57 

>13.0 

<-1.15 

>19.9 

Severe 

ICNI 

<-0.27 

<-0.01 

>0.4 

<-0.01 

>0.2 

<-0.01 

>0.1 

Severe 

lai 

<-1.84 

<-0.11 

>5.4 

<-0.25 

>5.7 

<-0.34 

>5.9 

Severe 

ICN2 

- 

- 

- 

- 

- 

- 

- 

- 

Ini 

<-2.80 

<-0.21 

>10.2 

<-0.62 

>14.0 

<-0.62 

>10.7 

Severe 

Ig2 

<-2.01 

<-0.14 

>6.7 

<-0.29 

>6.5 

<-0.38 

>6.7 

Severe 

ICN5 

-2.17 

-0.03 

1.4 

-0.03 

0.7 

-0.03 

0.5 

- 

Ia5 

-0.73 

-0.01 

0.3 

-0.01 

0.2 

-0.01 

0.1 

- 

Ib5 

- 

- 

- 

- 

- 

- 

- 

- 

IC5 

-2.14 

-0.08 

3.7 

-0.08 

1.8 

-0.08 

1.4 

- 

Ig5 

<-4.49 

<-0.26 

>12.4 

<-0.43 

>9.7 

<-0.55 

>9.5 

Severe 

Ians 

<-4.49 

<-0.26 

>12.4 

<-0.43 

>9.7 

<-0.55 

>9.5 

Severe 

IbN8 

<-4.49 

<-0.26 

>12.4 

<-0.43 

>9.7 

<-0.55 

>9.5 

Severe 

ICNS 

<-11.20 

<-0.98 

>47.0 

<-2.74 

>62.1 

<-3.72 

>64.6 

Severe 

Ins 

<-3.96 

<-0.35 

>16.7 

<-0.53 

>12.0 

<-0.52 

>9.0 

Severe 

Igs, 

<-12.83 

<-0.22 

>10.7 

<-0.29 

>6.7 

<-0.36 

>6.2 

Severe 

Ia^ 

-0.20 

0.01 

0.7 

0.01 

0.3 

0.01 

0.2 

- 

Ib9 

<-0.80 

<0.00 

>0.1 

<0.00 

>0.0 

<0.00 

>0.0 

Severe 

Ic9 

<-11.20 

<-1.02 

>49.1 

<-2.81 

>63.7 

<-3.80 

>65.9 

Severe 

ICN 11 

- 

- 

- 

- 

- 

- 

- 

- 

Igii 

-11.71 

-0.20 

9.8 

-0.29 

6.6 

-0.35 

6.1 

Slight 

ICNU 

-1.76 

-0.06 

3.0 

-0.06 

1.4 

-0.06 

1.0 

- 

Igu 

-3.54 

-0.11 

5.5 

-0.20 

4.5 

-0.25 

4.3 

Shght 

ICN17 

-2.32 

-0.13 

6.2 

-0.13 

2.9 

-0.13 

2.3 

Shght 

Ion 

<-1.98 

<-0.15 

>7.0 

<-0.26 

>5.9 

<-0.33 

>5.8 

Severe 

Igi8 

<-1.93 

<-0.17 

>8.0 

<-0.41 

>9.4 

<-0.54 

>9.4 

Severe 
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Table  1.5:  Peak  current  and  charge  transferred  at  different  points  in  the  system  cal- 
culated at  three  different  instants  of  time  (100 //s,  500 //s,  and  1ms)  for  stroke  5  of 
flash  FPLOOll. 


ID 

Peak 

[kA] 

Charge  calculated  in  different  time  windows 

Saturation 

100 /iS 

500 /is 

Ims 

C 

% 

C] 

% 

C] 

% 

/. 

-12.49 

-0.33 

100.0 

-0.66 

100.0 

-0.88 

100.0 

- 

iMi 

-12.42 

-0.32 

100.0 

-0.64 

100.0 

-0.86 

100.0 

- 

II, 

<-1.20 

<-0.11 

>34.7 

<-0.35 

>55.2 

<-0.53 

>61.4 

Severe 

IcNl 

-0.17 

-0.00 

1.2 

-0.01 

0.9 

-0.01 

0.9 

- 

Igi 

-0.50 

-0.03 

8.5 

-0.06 

8.9 

-0.08 

8.9 

- 

ICN2 

- 

- 

- 

- 

- 

- 

- 

In2 

-0.60 

-0.04 

12.9 

-0.09 

14.6 

-0.12 

14.4 

- 

Ig2 

-1.04 

-0.03 

10.2 

-0.06 

10.0 

-0.09 

10.0 

- 

ICN5 

-0.83 

-0.01 

1.7 

-0.01 

0.9 

-0.01 

0.7 

- 

Ia5 

-0.26 

-0.00 

0.0 

-0.00 

0.1 

-0.00 

0.1 

- 

Ib5 

- 

- 

- 

- 

- 

- 

- 

- 

IC5 

-0.46 

-0.01 

3.4 

-0.01 

2.2 

-0.02 

2.1 

- 

Ig5 

-1.68 

-0.05 

14.9 

-0.09 

13.7 

-0.12 

13.7 

- 

IaN8 

-1.68 

-0.05 

14.9 

-0.09 

13.7 

-0.12 

13.7 

- 

IbN8 

-0.03 

0.00 

0.1 

-0.00 

0.1 

-0.00 

0.2 

- 

ICN8 

-4.85 

1 

-0.17 

52.8 

-0.38 

59.4 

-0.51 

59.7 

- 

Ins 

-1.23 

-0.09 

27.4 

-0.18 

28.6 

-0.24 

28.4 

- 

Iqs 

-3.95 

-0.04 

11.3 

-0.06 

8.7 

-0.07 

8.4 

- 

Ia9 

-0.14 

0.00 

0.0 

0.00 

0.1 

0.00 

0.0 

- 

Ib9 

-0.40 

0.00 

0.0 

0.00 

0.1 

0.00 

0.0 

- 

IC9 

-4.87 

-0.19 

58.9 

-0.41 

63.9 

-0.54 

63.6 

- 

ICNU 

- 

- 

- 

- 

- 

- 

- 

- 

Iqu 

-3.71 

-0.03 

8.1 

-0.05 

7.2 

-0.06 

7.3 

- 

ICNU 

-0.69 

-0.01 

2.0 

-0.01 

0.9 

-0.00 

0.5 

- 

Iqia 

-1.44 

-0.02 

5.8 

-0.04 

5.9 

-0.05 

6.1 

- 

IcN17 

-0.41 

-0.01 

3.0 

-0.01 

1.5 

-0.01 

1.1 

- 

Ion 

<-1.89 

<-0.03 

>10.5 

<-0.07 

>10.5 

<-0.09 

>10.3 

Severe 

Iqis 

-0.57 

-0.03           10.9 

-0.09 

13.7 

-0.12 

13.9 

- 
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Table  1.6:  Peak  current  and  charge  transferred  at  different  points  in  the  system  cal- 
culated at  three  different  instants  of  time  (100 /is,  500 /^s,  and  1ms)  for  stroke  1  of 


:lash  FP 

L0014. 

ID 

Peak 

[kA] 

Charge  calculated  in  different  time  windows 

Saturation 

100 /iS 

500 /js 

1ms 

[C] 

% 

[C] 

% 

[C] 

% 

/. 

-10.99 

-0.37 

100.0 

-0.72 

100.0 

-0.79 

100.0 

- 

iMi 

-11.08 

-0.36 

100.0 

-0.71 

100.0 

-0.77 

100.0 

- 

lu 

<-1.20 

<-0.11 

>30.6 

<-0.39 

>54.4 

<-0.44 

>57.4 

Severe 

ICNI 

-0.15 

-0.00 

0.6 

-0.00 

0.4 

-0.00 

0.6 

- 

Igi 

-0.44 

-0.03 

8.6 

-0.06 

9.2 

-0.07 

9.2 

- 

ICN2 

-0.24 

-0.00 

0.7 

-0.00 

0.4 

-0.00 

0.3 

- 

In2 

-0.79 

-0.05 

14.7 

-0.12 

16.5 

-0.13 

16.3 

- 

Ig2 

-0.70 

-0.04 

10.3 

-0.07 

10.2 

-0.08 

10.3 

- 

ICN5 

-1.00 

-0.00 

1.0 

-0.00 

0.5 

-0.00 

0.4 

- 

Ia5 

-0.17 

0.00 

0.0 

-0.00 

0.0 

-0.00 

0.0 

- 

Ib5 

- 

- 

- 

- 

- 

- 

- 

- 

let 

-0.39 

-0.00 

1.4 

-0.01 

0.8 

-0.01 

1.0 

- 

Igs 

-1.35 

-0.05 

15.1 

-0.10 

13.9 

-0.11 

13.7 

- 

IaN8 

-1.35 

-0.05 

15.1 

-0.10 

13.9 

-0.11 

13.7 

- 

Ibns 

-0.52 

-0.00 

0.1 

-0.00 

0.0 

-0.00 

0.2 

- 

ICNS 

-0.09 

0.00 

0.2 

0.00 

0.1 

0.00 

0.1 

- 

Ins 

-1.62 

-0.11 

30.1 

-0.22 

31.2 

-0.24 

31.0 

- 

Iqs 

-3.35 

-0.04 

11.6 

-0.06 

8.9 

-0.07 

9.0 

- 

Ia9 

-0.15 

-0.00 

0.0 

-0.00 

0.1 

-0.00 

0.2 

- 

Ib9 

-0.59 

-0.00 

0.6 

-0.00 

0.4 

-0.00 

0.5 

- 

IC9 

-3.66 

-0.23 

64.2 

-0.49 

69.2 

-0.53 

68.3 

- 

IcN  11 

- 

- 

- 

- 

- 

- 

- 

- 

Igii 

-3.04 

-0.03 

8.4 

-0.05 

7.6 

-0.06 

8.0 

- 

ICN  li 

-0.52 

-0.00 

1.3 

-0.00 

0.7 

-0.00 

0.5 

- 

Igia 

-1.04 

-0.02 

5.7 

-0.04 

5.9 

-0.05 

6.2 

IcNll 

-0.38 

-0.01 

1.9 

-0.01 

1.0 

-0.01 

0.9 

- 

Igit 

-0.85 

-0.04 

10.2 

-0.08 

11.0 

-0.08 

10.8 

- 

Igi8 

-0.59 

-0.04 

10.7 

-0.10 

14.1 

-0.11 

14.5 

- 
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Table  1.7:  Power  spectrum  density  of  measured  current  waveforms  integrated  over  four 
different  frequency  ranges  as  a  percentage  of  its  power  spectrum  density  integrated 
over  the  bandwidth  of  the  measurement  for  stroke  1  of  flash  FPL0014. 


ID 

A/i 

A/2 

A/3 

A/4 

u 

79.75 

6.51 

0.93 

0.33 

Imi 

79.78 

6.79 

0.94 

0.08 

lu 

- 

- 

- 

- 

ICNI 

50.36 

44.01 

1.51 

0.42 

Igx 

85.74 

1.59 

0.10 

0.05 

ICN2 

20.42 

66.76 

6.15 

5.32 

In2 

85.42 

2.36 

0.03 

0.05 

Ig2 

85.14 

2.29 

0.26 

0.06 

ICN5 

12.04 

68.94 

14.13 

3.87 

Ia5 

5.01 

17.38 

33.55 

39.59 

Ib5 

- 

- 

- 

- 

IC5 

32.55 

59.24 

2.09 

3.86 

Ig5 

81.67 

6.13 

0.57 

0.12 

IaN8 

3.83 

7.79 

32.80 

44.91 

IbN8 

4.48 

7.53 

28.37 

55.06 

IcN8 

2.71 

9.38 

44.86 

42.98 

In8 

84.71 

3.06 

0.02 

0.03 

Ig8 

57.91 

25.59 

7.98 

1.89 

Ia9 

9.84 

3.27 

21.53 

51.53 

Ib9 

26.78 

40.92 

21.11 

7.60 

IC9 

84.20 

2.67 

0.23 

0.05 

ICNW 

- 

- 

- 

- 

Ion 

51.71 

25.38 

12.43 

3.16 

ICNU 

30.43 

56.77 

5.70 

4.75 

Igu 

72.15 

12.83 

2.78 

0.73 

ICNU 

40.14 

54.31 

1.02 

2.12 

Ig\7 

82.70 

3.53 

0.51 

0.06 

Ig18 

83.84 

2.27 

0.05 

0.03 

100  Hz  <  A/i  <  10  kHz 
100  kHz  <  A/3  <  1  MHz 


10  kHz  <  A/2  <  100  kHz 
1  MHz  <  A/4  <  5  MHz 


319 


Table  1.8:  Peak  current  and  charge  transferred  at  different  points  in  tlie  system  cal- 
culated at  three  different  instants  of  time  (100/xs,  500 /iS,  and  1ms)  for  stroke  2  of 
flash  FPL0014. 


ID 

Peak 

[kA] 

Charge  calculated  in  different  time  windows 

Saturation 

100 /is 

500 /iS 

Ims 

[C] 

% 

[C] 

% 

[C] 

% 

I^ 

-25.02 

-0.97 

100.0 

-1.81 

100.0 

-2.17 

100.0 

Slight 

lu 

<-1.20 

<-0.11 

>11.5 

<-0.52 

>28.8 

<-0.80 

>36.6 

Severe 

IcNl 

-0.21 

-0.00 

0.4 

-0.00 

0.2 

-0.01 

0.2 

Slight 

Igi 

-1.06 

-0.08 

8.4 

-0.16 

9.0 

-0.20 

9.1 

" 

IcN2 

-0.89 

-0.02 

2.0 

-0.02 

1.1 

-0.02 

0.9 

- 

In2 

-1.91 

-0.13 

13.4 

-0.29 

15.9 

-0.35 

16.1 

- 

Ig2 

-1.59 

-0.10 

9.9 

-0.18 

10.0 

-0.22 

10.0 

Slight 

ICN5 

-1.50 

-0.01 

1.5 

-0.01 

0.8 

-0.01 

0.7 

- 

Ia5 

-0.37 

-0.00 

0.1 

-0.00 

0.1 

-0.00 

0.1 

- 

IC5 

-1.08 

-0.02 

2.4 

-0.02 

1.4 

-0.03 

1.3 

- 

Ig5 

-2.81 

-0.14 

14.8 

-0.25 

13.8 

-0.30 

13.8 

- 

IbN8 

-2.81 

-0.14 

14.8 

-0.25 

13.8 

-0.30 

13.8 

- 

IcN8 

-0.22 

0.00 

0.1 

0.00 

0.1 

0.00 

0.1 

- 

Ins 

-3.73 

-0.27 

27.7 

-0.55 

30.2 

-0.66 

30.3 

Shght 

Ig8 

-6.22 

-0.11 

11.6 

-0.16 

8.8 

-0.19 

8.8 

- 

Ia9 

-0.21 

0.00 

0.0 

-0.00 

0.0 

-0.00 

0.1 

- 

Ib9 

<-0.80 

<-0.00 

>0.0 

<-0.00 

>0.1 

<-0.00 

>0.1 

Severe 

IC9 

-8.60 

-0.57 

59.2 

-1.20 

66.5 

-1.46 

67.2 

SUght 

IcNll 

- 

- 

- 

- 

- 

- 

- 

- 

Igu 

-6.10 

-0.08 

8.3 

-0.13 

7.2 

-0.16 

7.4 

- 

ICNU 

-0.99 

-0.02 

2.2 

-0.02 

1.2 

-0.02 

0.9 

- 

Igu 

-2.18 

-0.06 

5.9 

-0.11 

6.0 

-0.13 

6.1 

- 

IcNn 

-1.16 

-0.04 

4.3 

-0.04 

2.3 

-0.04 

2.0 

- 

Igu 

<-1.98 

<-0.07 

>7.4 

<-0.15 

>8.2 

<-0.18 

>8.3 

Severe 

Igi8 

-1.55 

-0.10 

10.8 

-0.25 

14.0 

-0.31 

14.2 

Shght 
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Table  1.9:  Power  spectrum  density  of  measured  current  waveforms  integrated  over  four 
different  frequency  ranges  as  a  percentage  of  its  power  spectrum  density  integrated 


width  of 

the  measurement  for  strok( 

3  2  of  flash  FI 

'L0014. 

ID 

A/i 

A/2 

A/3 

A/4 

h 

80.64 

6.20 

0.71 

0.05 

lu 

- 

- 

- 

- 

IcNl 

61.84 

34.10 

1.02 

0.23 

Igi 

85.76 

1.54 

0.04 

0.01 

IcN2 

44.97 

51.88 

0.23 

0.21 

In2 

86.15 

1.53 

0.01 

0.01 

Ig2 

85.21 

2.13 

0.18 

0.02 

IcN5 

24.60 

70.13 

3.21 

0.45 

Ia5 

14.23 

62.29 

15.90 

6.61 

IC5 

49.01 

47.85 

0.12 

0.24 

Ig, 

82.87 

5.04 

0.28 

0.02 

IbN8 

1.71 

6.75 

79.24 

11.09 

IcN8 

7.62 

8.77 

42.76 

40.56 

In8 

85.61 

1.97 

0.01 

0.01 

Ig8 

65.33 

21.89 

4.35 

0.36 

Ia9 

8.01 

16.27 

40.03 

29.30 

Ib9 

- 

- 

- 

- 

IC9 

84.67 

1.99 

0.19 

0.01 

IcNll 

- 

- 

- 

- 

Igu 

55.35 

29.13 

7.06 

0.55 

IcNlA 

56.75 

37.65 

1.43 

0.44 

Igu 

74.95 

11.81 

1.38 

0.12 

IcNU 

68.10 

27.29 

0.05 

0.09 

Ig17 

- 

- 

- 

- 

Ig18 

83.86 

2.80 

0.02 

0.01 

100  Hz  <  A/i  <  10  kHz 
100  kHz  <  A/3  <  1  MHz 


10  kHz  <  A/2  <  100  kHz 
1  MHz  <  A/4  <  5  MHz 


'^IfV?-'.: 
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Table  1. 10:  Peak  current  and  charge  transferred  at  different  points  in  the  system 
calculated  at  three  different  instants  of  time  (100 /xs,  500 //s,  and  1  ms)  for  stroke  3  of 


flash  FPL0014. 

ID 

Peak 

[kA] 

Charge  calculated  in  different  time  windows 

Saturation 

IOC 

/xs 

50C 

/xs 

1ms 

[C 

% 

[C] 

% 

[C] 

% 

/, 

-13.17 

-0.37 

100.0 

-0.65 

100.0 

-0.70 

100.0 

- 

Imi 

-13.37 

-0.36 

100.0 

-0.63 

100.0 

-0.68 

100.0 

- 

h^ 

<-1.20 

<-0.11 

>30.8 

<-0.36 

>56.8 

<-0.42 

>62.4 

Severe 

ICNI 

-0.17 

-0.00 

0.5 

-0.00 

0.4 

-0.00 

0.5 

- 

Igi 

-0.47 

-0.03 

8.7 

-0.06 

9.2 

-0.06 

9.2 

- 

ICN2 

-0.26 

-0.00 

0.7 

-0.00 

0.4 

-0.00 

0.3 

- 

In2 

-0.82 

-0.06 

15.3 

-0.10 

16.5 

-0.11 

16.4 

- 

Ig2 

-0.98 

-0.04 

10.3 

-0.06 

10.3 

-0.07 

10.4 

- 

IcN5 

-1.18 

-0.00 

0.9 

-0.00 

0.5 

-0.00 

0.4 

- 

Ia5 

-0.23 

-0.00 

0.0 

-0.00 

0.1 

-0.00 

0.1 

- 

Ib5 

- 

- 

- 

- 

- 

- 

- 

- 

IC5 

-0.44 

-0.00 

1.3 

-0.01 

1.0 

-0.01 

1.4 

- 

Ig5 

-1.77 

-0.05 

15.1 

-0.09 

14.0 

-0.09 

13.9 

- 

Ians 

-1.77 

-0.05 

15.1 

-0.09 

14.0 

-0.09 

13.9 

- 

Ibns 

-1.68 

-0.14 

37.5 

-0.34 

53.9 

-0.36 

52.9 

- 

ICNS 

-0.15 

-0.00 

0.0 

0.00 

0.0 

0.00 

0.0 

- 

Ins 

-1.70 

-0.11 

30.9 

-0.20 

31.2 

-0.21 

30.7 

- 

Igs, 

-4.02 

-0.04 

11.6 

-0.06 

9.0 

-0.06 

9.3 

- 

Ia9 

-0.20 

0.00 

0.0 

-0.00 

0.0 

-0.00 

0.2 

- 

Ib9 

-0.47 

-0.00 

0.0 

-0.00 

0.2 

-0.00 

0.5 

- 

IC9 

-4.84 

-0.24 

65.5 

-0.44 

69.3 

-0.46 

68.1 

- 

IcN  11 

- 

- 

- 

- 

- 

- 

- 

- 

Igii 

-3.67 

-0.03 

8.3 

-0.05 

7.3 

-0.05 

7.7 

- 

ICNIA 

-0.72 

-0.00 

1.3 

-0.00 

0.7 

-0.00 

0.6 

- 

Igia 

-1.33 

-0.02 

5.7 

-0.04 

6.0 

-0.04 

6.2 

- 

IcNir 

-0.42 

-0.01 

1.9 

-0.01 

1.1 

-0.01 

1.0 

- 

Icn 

-1.48 

-0.02 

5.0 

-0.04 

5.6 

-0.04 

5.8 

Slight 

Icia 

-0.59 

-0.04 

10.7 

-0.09 

14.3 

-0.10 

14.7 

- 
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Table  I.ll:  Power  spectrum  density  of  measured  current  waveforms  integrated  over 
four  different  frequency  ranges  as  a  percentage  of  its  power  spectrum  density  inte- 
grated over  the  bandwidth  of  the  measurement  for  stroke  3  of  flash  FPL0014. 


ID 

A/i 

A/2 

A/3 

A/4 

/, 

78.11 

8.00 

1.48 

0.38 

iMi 

77.85 

8.67 

1.56 

0.12 

lu 

- 

- 

- 

- 

IcNl 

41.87 

53.03 

2.05 

0.56 

Igi 

85.88 

1.87 

0.16 

0.06 

ICN2 

17.05 

69.76 

6.12 

5.93 

In2 

85.44 

2.83 

0.03 

0.05 

Ig2 

84.98 

2.60 

0.52 

0.08 

IcNb 

9.81 

62.77 

21.49 

4.96 

Ia5 

5.24 

30.21 

33.36 

28.26 

Ib5 

- 

- 

- 

- 

Ic, 

28.85 

62.30 

2.05 

4.31 

Ig5 

80.36 

7.51 

0.93 

0.14 

IaN8 

8.28 

15.24 

34.02 

34.62 

IbN8 

85.21 

0.94 

0.08 

0.01 

ICN8 

2.64 

10.03 

44.36 

42.85 

In8 

84.46 

3.77 

0.03 

0.03 

Ig8 

50.45 

30.47 

11.32 

1.98 

Ia9 

7.46 

3.00 

25.52 

51.31 

Ib9 

14.43 

8.18 

44.34 

25.51 

IC9 

83.44 

3.68 

0.44 

0.05 

ICNU 

3.22 

5.36 

23.25 

61.45 

Igu 

43.22 

30.28 

17.56 

3.03 

ICNU 

26.24 

58.31 

9.08 

4.39 

Igu 

68.93 

14.92 

4.56 

0.81 

IcN17 

36.89 

57.80 

1.07 

2.01 

Ian 

72.35 

10.26 

4.88 

0.50 

Ig\8 

84.11 

2.32 

0.07 

0.03 

100  Hz  <  A/i  <  10  kHz 
100  kHz  <  A/3  <  1  MHz 


10  kHz  <  A/2  <  100  kHz 
1  MHz  <  A/4  <  5  MHz 


■T^H     f.W   .- 
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Table  1.12:  Peak  current  and  charge  transferred  at  different  points  in  the  system 
calculated  at  three  different  instants  of  time  (100 /iS,  500  ^s,  and  1  ms)  for  stroke  1  of 


flash  FP 

L0018. 

ID 

Peak 

[kA] 

Charge  calculated  in  different  time  windows 

Saturation 

10( 

/xs 

500  Ais 

1ms 

[C 

% 

[C] 

% 

[C] 

% 

li 

-13.57 

-0.38 

100.0 

-0.76 

100.0 

-0.96 

100.0 

- 

Imi 

-13.96 

-0.37 

100.0 

-0.74 

100.0 

-0.93 

100.0 

- 

lu 

<-1.31 

<-0.12 

>32.6 

<-0.41 

>54.9 

<-0.57 

>61.4 

Severe 

IcNl 

-0.17 

-0.01 

2.3 

-0.04 

5.3 

-0.07 

7.9 

- 

Igi 

-0.54 

-0.03 

8.4 

-0.07 

9.2 

-0.09 

9.4 

- 

IcN2 

-0.31 

-0.02 

4.2 

-0.02 

2.7 

-0.02 

2.1 

- 

In2 

-0.27 

-0.02 

4.7 

-0.02 

3.1 

0.01 

0.6 

- 

Ig2 

-1.19 

-0.03 

9.1 

-0.07 

9.2 

-0.09 

9.4 

- 

ICN5 

-0.88 

-0.02 

5.1 

-0.02 

3.2 

-0.02 

2.5 

- 

Ia5 

-0.25 

-0.00 

0.1 

-0.00 

0.0 

-0.00 

0.0 

- 

Ib5 

- 

- 

- 

- 

- 

- 

- 

- 

IC5 

-0.43 

-0.02 

6.6 

-0.06 

8.2 

-0.10 

10.4 

- 

Ig5 

-1.87 

-0.05 

14.0 

-0.10 

13.9 

-0.13 

14.0 

- 

IaN8 

-0.12 

0.00 

0.2 

0.00 

0.1 

0.00 

0.1 

- 

Ibns 

<-3.00 

<-0.05 

>13.6 

<-0.09 

>12.2 

<-0.09 

>10.1 

Severe 

ICNS 

-0.51 

0.00 

0.0 

-0.00 

0.1 

-0.00 

0.3 

- 

In8 

-0.60 

-0.04 

11.0 

-0.09 

12.0 

-0.09 

9.2 

- 

Iqs 

-5.98 

-0.04 

10.1 

-0.07 

9.0 

-0.08 

9.0 

- 

Ia9 

-0.20 

-0.00 

0.0 

-0.00 

0.0 

-0.00 

0.1 

- 

Ib9 

-0.56 

0.04 

10.4 

0.11 

15.0 

0.15 

15.7 

- 

IC9 

-5.60 

-0.17 

46.1 

-0.37 

49.7 

-0.47 

50.3 

- 

ICNII 

-6.26 

-0.08 

20.9 

-0.14 

18.8 

-0.15 

16.1 

- 

Igu 

-5.36 

-0.03 

7.9 

-0.05 

6.9 

-0.07 

7.0 

- 

ICN 14 

-0.69 

-0.02 

4.6 

-0.02 

3.1 

-0.02 

2.5 

- 

Igi4 

-1.55 

-0.02 

6.2 

-0.05 

6.1 

-0.06 

6.2 

- 

IcNU 

-0.40 

-0.02 

5.3 

-0.03 

3.4 

-0.03 

2.8 

- 

Igu 

-0.93 

-0.03 

7.0 

-0.06 

8.1 

-0.08 

8.3 

- 

Ig18 

-0.74 

-0.05 

12.8 

-0.11 

15.2 

-0.14 

15.6 
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Table  1.13:  Power  spectrum  density  of  measured  current  waveforms  integrated  over 
four  different  frequency  ranges  as  a  percentage  of  its  power  spectrum  density  inte- 
grated over  the  bandwidth  of  the  measurement  for  stroke  1  of  flash  FPL0018. 


ID 

A/i 

A/2 

A/3 

A/4 

u 

78.83 

6.67 

1.49 

0.38 

iMi 

78.73 

7.03 

1.55 

0.12 

hr 

- 

- 

- 

- 

ICN\ 

83.76 

0.32 

0.04 

0.01 

Igi 

83.47 

3.47 

0.15 

0.10 

IcN2 

80.81 

8.16 

0.53 

1.21 

In2 

84.68 

1.44 

0.22 

0.38 

Ig2 

81.56 

5.03 

0.84 

0.15 

IcNb 

73.05 

14.28 

2.45 

1.12 

Ia, 

1.59 

10.43 

31.63 

56.29 

Ib, 

- 

- 

- 

- 

IC5 

82.98 

3.03 

0.13 

0.24 

Ig5 

79.59 

6.83 

1.03 

0.19 

IaN8 

1.78 

4.52 

30.67 

62.70 

^BN8 

- 

- 

- 

- 

IcN8 

3.11 

3.88 

23.93 

68.68 

In8 

84.10 

2.12 

0.18 

0.20 

Ig8 

42.54 

26.23 

21.88 

2.74 

^A9 

1.93 

2.94 

23.72 

71.01 

Ib9 

84.58 

0.86 

0.23 

0.12 

^C9 

80.75 

4.84 

1.11 

0.15 

IcNU 

64.69 

16.70 

7.50 

1.03 

Igu 

35.26 

29.82 

26.19 

3.21 

I  GNU 

77.97 

7.67 

2.29 

1.54 

Igu 

71.34 

12.44 

3.99 

0.85 

IcN17 

81.20 

8.07 

0.38 

0.79 

Ig\7 

82.63 

3.12 

0.56 

0.26 

Ig18 

84.32 

2.24 

0.05 

0.06 

100  Hz  < 

:  A/i  <  10  kK 

[z     ;      10  kHz 

<  Afo  <  IOC 

kHz 

100  kHz  <  A/3  <  1  MHz     ;      1  MHz  <  A/4  <  10  MHz 
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Table  1.14:  Peak  current  and  charge  transferred  at  different  points  in  the  system 
calculated  at  three  different  instants  of  time  (100 /xs,  500 /xs,  and  1  ms)  for  stroke  2  of 


flash  FP 

L0018. 

ID 

Peak 

[kA] 

Charge  calculated  in  different  time  windows 

Saturation 

10( 

l/iS 

50( 

)  lis 

1ms 

[C] 

% 

C] 

% 

C] 

% 

li 

-8.84 

-0.24 

100.0 

-0.33 

100.0 

-0.34 

100.0 

- 

iMi 

-9.08 

-0.23 

100.0 

-0.32 

100.0 

-0.33 

100.0 

- 

lu 

<-1.31 

<-0.11 

>48.6 

<-0.19 

>58.2 

<-0.20 

>60.0 

Severe 

ICNI 

-0.13 

-0.01 

3.3 

-0.02 

6.4 

-0.02 

6.4 

- 

Ig\ 

-0.36 

-0.02 

8.6 

-0.03 

9.2 

-0.03 

9.3 

- 

ICN2 

-0.23 

-0.01 

3.5 

-0.01 

2.5 

-0.01 

2.4 

- 

In2 

-0.20 

-0.01 

4.1 

-0.00 

0.8 

-0.00 

0.1 

- 

Ig2 

-0.53 

-0.02 

9.1 

-0.03 

9.4 

-0.03 

9.7 

- 

IcN5 

-0.49 

-0.01 

4.5 

-0.01 

3.2 

-0.01 

3.0 

- 

Ia5 

-0.12 

-0.00 

0.0 

-0.00 

0.1 

-0.00 

0.2 

- 

Ib5 

- 

- 

- 

- 

- 

- 

- 

- 

IC5 

-0.34 

-0.02 

7.0 

-0.03 

9.6 

-0.03 

9.8 

- 

Ig5 

-1.06 

-0.03 

13.8 

-0.05 

14.1 

-0.05 

14.5 

- 

IaN8 

-0.09 

-0.00 

0.0 

-0.00 

0.0 

-0.00 

0.1 

- 

IbN8 

<-2.87 

<-0.03 

>13.1 

<-0.03 

>10.8 

<-0.03 

>10.4 

Severe 

ICNS 

-0.40 

0.00 

0.9 

0.03 

8.1 

0.06 

17.7 

- 

Ins 

-0.46 

-0.03 

11.1 

-0.03 

9.3 

-0.03 

8.7 

- 

Ig8 

-3.57 

-0.02 

9.7 

-0.03 

9.4 

-0.03 

9.9 

- 

Ia9 

-0.17 

-0.00 

0.1 

-0.00 

0.1 

-0.00 

0.2 

- 

Ib9 

-0.05 

0.02 

10.4 

0.04 

12.7 

0.04 

12.6 

- 

IC9 

-3.76 

-0.10 

44.6 

-0.15 

45.9 

-0.14 

42.4 

- 

ICNII 

-3.95 

-0.05 

22.3 

-0.06 

19.0 

-0.06 

18.0 

- 

Igu 

-3.50 

-0.02 

7.5 

-0.02 

6.8 

-0.02 

6.8 

- 

ICNIA 

-0.52 

-0.01 

3.8 

-0.01 

2.8 

-0.01 

2.6 

- 

Igu 

-0.88 

-0.01 

6.0 

-0.02 

6.0 

-0.02 

6.0 

- 

IcNir 

-0.26 

-0.01 

4.3 

-0.01 

3.3 

-0.01 

3.2 

- 

Igi7 

-0.52 

-0.02 

7.1 

-0.03 

8.1 

-0.03 

8.3 

- 

Igu 

-0.55 

-0.03 

12.9 

-0.05 

14.8 

-0.05 

15.0 

- 
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Table  1.15:  Power  spectrum  density  of  measured  current  waveforms  integrated  over 
four  different  frequency  ranges  as  a  percentage  of  its  power  spectrum  density  inte- 
grated over  the  bandwidth  of  the  measurement  for  stroke  2  of  flash  FPL0018. 


ID 

A/i 

A/2 

A/3 

A/4 

h 

74.74 

12.06 

2.00 

1.15 

^Mi 

75.23 

12.55 

1.92 

0.24 

lu 

- 

- 

- 

- 

ICNI 

84.47 

1.39 

0.11 

0.03 

Igi 

82.17 

6.73 

0.24 

0.26 

IcN2 

73.26 

15.30 

1.40 

3.89 

In2 

85.40 

3.09 

0.82 

1.91 

Ig2 

79.38 

9.68 

0.60 

0.34 

IcNb 

66.05 

21.73 

3.18 

3.00 

Ia5 

1.01 

4.32 

28.56 

66.01 

Ib5 

- 

- 

- 

- 

IC5 

80.58 

6.73 

0.37 

0.88 

Ig^ 

76.08 

12.35 

1.24 

0.55 

IaN8 

1.04 

2.82 

21.75 

74.26 

IbN8 

- 

- 

- 

- 

ICN8 

74.72 

0.50 

2.54 

8.00 

In8 

84.20 

4.16 

0.44 

0.71 

Ig8 

32.46 

34.68 

22.21 

6.62 

Ia9 

1.30 

2.40 

21.13 

74.95 

Ib9 

84.48 

2.72 

0.30 

0.55 

IC9 

76.73 

10.54 

1.82 

0.57 

Iqnw 

61.51 

20.59 

7.60 

2.27 

Igu 

25.08 

37.55 

26.24 

8.38 

ICNU 

68.93 

14.38 

4.87 

4.79 

Igu 

62.31 

22.54 

4.61 

2.56 

IcNn 

73.54 

16.48 

1.06 

2.50 

Igi7 

81.10 

6.35 

0.62 

0.61 

Igi8 

83.80 

4.68 

0.10 

0.18 

100  Hz  < 

:  A/i  <  10  kli 

[z     :      10  kHz 

<  Afo  <  IOC 

)kHz 

100  kHz  <  A/3  <  1  MHz     ;      1  MHz  <  A/4  <  10  MHz 
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Table  1.16:  Peak  current  and  charge  transferred  at  different  points  in  the  system 
calculated  at  three  different  instants  of  time  (100 //s,  500 //s,  and  1ms)  for  stroke  3  of 
flash  FPL0018. 


ID 

Peak 

[kA] 

Charge  calculated  in  different  time  windows 

Saturation 

100 /xs 

500 /iS 

1ms 

[CJ 

% 

[C] 

% 

C 

% 

/, 

-7.55 

-0.23 

100.0 

-0.47 

100.0 

-0.51 

100.0 

- 

Imi 

-7.75 

-0.22 

100.0 

-0.45 

100.0 

-0.48 

100.0 

- 

lu 

<-1.31 

<-0.12 

>54.5 

<-0.33 

>71.8 

<-0.36 

>73.9 

Severe 

IcN\ 

-0.15 

-0.00 

0.5 

-0.00 

0.3 

-0.00 

0.6 

- 

Igi 

-0.31 

-0.02 

8.4 

-0.04 

9.3 

-0.05 

9.4 

- 

ICN2 

-0.16 

-0.00 

0.1 

0.00 

0.0 

0.00 

0.1 

- 

Ini 

-0.50 

-0.03 

15.2 

-0.08 

17.5 

-0.08 

17.4 

- 

Ig2 

-0.50 

-0.02 

9.4 

-0.04 

9.5 

-0.05 

9.7 

- 

ICN5 

-0.79 

-0.00 

0.5 

-0.00 

0.1 

0.00 

0.1 

- 

Ia5 

-0.13 

0.00 

0.1 

0.00 

0.0 

0.00 

0.0 

- 

Ibs 

- 

- 

- 

- 

- 

- 

- 

- 

Ics 

-0.26 

-0.00 

0.7 

-0.00 

0.4 

-0.00 

0.6 

- 

Ig5 

-1.05 

-0.03 

15.6 

-0.07 

14.5 

-0.07 

14.8 

- 

IaN8 

-0.08 

0.00 

0.2 

0.00 

0.5 

0.00 

0.7 

- 

IbN8 

-0.23 

0.00 

0.1 

0.00 

0.2 

0.00 

0.1 

- 

ICNS 

-0.42 

-0.00 

0.1 

-0.00 

0.5 

-0.01 

1.3 

- 

Ins 

-0.98 

-0.07 

31.5 

-0.15 

32.7 

-0.16 

32.5 

- 

Ig8 

-3.11 

-0.03 

12.2 

-0.04 

9.4 

-0.05 

9.4 

- 

Ia9 

-0.15 

-0.00 

0.0 

-0.00 

0.0 

-0.00 

0.1 

- 

Ib9 

-0.09 

0.00 

0.6 

0.00 

0.1 

-0.00 

0.1 

- 

IC9 

-3.21 

-0.16 

72.1 

-0.35 

76.7 

-0.36 

75.0 

- 

IcNW 

-3.72 

-0.01 

4.3 

-0.01 

2.1 

-0.01 

1.7 

- 

Igw 

-3.04 

-0.02 

8.1 

-0.03 

6.9 

-0.03 

7.0 

- 

ICNII 

-0.49 

-0.00 

0.8 

-0.00 

0.4 

-0.00 

0.3 

- 

Igu 

-0.85 

-0.01 

5.7 

-0.03 

6.0 

-0.03 

6.2 

- 

ICNU 

-0.19 

-0.00 

0.8 

-0.00 

0.4 

-0.00 

0.4 

- 

Igu 

-0.54 

-0.01 

5.7 

-0.04 

7.9 

-0.04 

8.1 

- 

Igu 

-0.34 

-0.02 

10.0 

-0.06 

14.3 

-0.07 

14.7 

- 
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Figure  I.l:  Percentage  of  total  charge  transferred  to  ground  at  different  poles,  calcu- 
lated at  three  different  instants  of  time  (100 /xs,  500  ^s,  and  1  ms  from  the  beginning 
of  the  return  stroke),  for  stroke  1  of  flash  FPL0018  (See  Table  1.12).  Lightning  strike 
point  is  between  poles  9  and  10. 


1  ms 
500 /xs 
100  ^s 


18     17 


14  11 

Pole  Number 


Figure  1.2:  Percentage  of  total  charge  transferred  to  ground  at  different  poles,  calcu- 
lated at  three  different  instants  of  time  (100  yus,  500 /xs,  and  1  ms  from  the  beginning 
of  the  return  stroke),  for  stroke  2  of  flash  FPL0018  (See  Table  1.14).  Lightning  strike 
point  is  between  poles  9  and  10. 
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Table  1.17:  Power  spectrum  density  of  measured  current  waveforms  integrated  over 
four  different  frequency  ranges  as  a  percentage  of  its  power  spectrum  density  inte- 
grated over  the  bandwidth  of  the  measurement  for  stroke  3  of  flash  FPL0018. 


ID 

A/i 

A/2 

A/3 

A/4 

/, 

80.26 

4.45 

1.24 

0.96 

^Mi 

80.68 

4.74 

1.19 

0.24 

hi 

- 

- 

- 

- 

ICNI 

38.11 

52.36 

4.59 

1.40 

hi 

85.35 

1.16 

0.17 

0.22 

ICN2 

2.92 

19.33 

22.86 

54.71 

In2 

85.40 

1.58 

0.06 

0.12 

Ig2 

84.65 

1.88 

0.41 

0.27 

IcNh 

5.21 

30.11 

39.77 

24.30 

Ia, 

1.34 

5.24 

27.04 

66.28 

Ib, 

- 

- 

- 

- 

IC5 

19.12 

43.82 

11.41 

24.39 

Ig5 

81.81 

4.44 

0.83 

0.43 

J^ANS 

5.64 

2.83 

21.31 

69.29 

IbN8 

2.11 

2.58 

23.52 

71.52 

ICNS 

7.56 

3.13 

22.25 

65.75 

In8 

84.72 

2.24 

0.04 

0.07 

Ig8 

47.38 

24.49 

15.06 

6.21 

Ia9 

1.18 

2.19 

20.79 

75.63 

Ib9 

17.25 

19.93 

18.40 

42.94 

IC9 

83.63 

2.38 

0.38 

0.16 

-^CATll 

9.58 

48.77 

30.38 

10.78 

Igu 

39.54 

19.53 

24.94 

9.74 

IcNu 

12.44 

43.64 

20.66 

22.50 

Igu 

73.52 

7.81 

3.91 

2.58 

IcNu 

19.42 

52.32 

8.37 

19.00 

Igi7 

82.84 

1.63 

0.62 

0.71 

Igis 

84.50 

0.93 

0.10 

0.19 

100  Hz  < 

;  A/i  <  10  kli 

[z     ;      10kH2 

<  A/2  <  IOC 

kHz 

100  kHz  <  A/3  <  1  MHz     ;      1  MHz  <  A/4  <  10  MHz 


.:-r^-: 
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Table  1.18:  Peak  current  and  charge  transferred  at  different  points  in  the  system 
calculated  at  three  different  instants  of  time  (100 /iS,  500 //s,  and  1  ms)  for  stroke  4  of 
flash  FPL0018. 


ID 

Peak 

[kA] 

Charge  calculated  in  different  time  windows 

Saturation 

100 /xs 

500 /is 

1ms 

[C] 

% 

[C] 

% 

[C] 

% 

Ir 

-10.02 

-0.31 

100.0 

-0.68 

100.0 

-0.72 

100.0 

- 

iMi 

-10.38 

-0.30 

100.0 

-0.65 

100.0 

-0.67 

100.0 

- 

lu 

<-1.31 

<-0.12 

>40.3 

<-0.40 

>61.4 

<-0.44 

>65.4 

Severe 

ICNI 

-0.14 

-0.00 

0.5 

-0.00 

0.3 

-0.00 

0.5 

- 

Igi 

-0.41 

-0.03 

8.4 

-0.06 

9.4 

-0.06 

9.7 

- 

IcNI 

-0.22 

-0.00 

0.3 

-0.00 

0.1 

0.00 

0.0 

- 

In2 

-0.66 

-0.05 

15.4 

-0.12 

17.7 

-0.12 

17.9 

- 

Ig2 

-0.78 

-0.03 

9.4 

-0.06 

9.5 

-0.07 

9.9 

- 

ICN5 

-0.81 

-0.00 

0.6 

-0.00 

0.2 

-0.00 

0.0 

- 

Ia5 

-0.19 

-0.00 

0.0 

-0.00 

0.1 

-0.00 

0.1 

- 

Ib5 

- 

- 

- 

- 

- 

- 

- 

- 

IC5 

-0.35 

-0.00 

0.9 

-0.00 

0.6 

-0.01 

0.8 

- 

Ig5 

-1.39 

-0.05 

15.7 

-0.10 

14.5 

-0.10 

14.8 

- 

IaN8 

-0.10 

0.00 

0.1 

0.00 

0.1 

0.00 

0.0 

- 

Ibns 

-0.23 

0.00 

0.1 

0.00 

0.1 

0.00 

0.2 

- 

IcN8 

-0.42 

-0.00 

0.2 

-0.00 

0.5 

-0.01 

1.0 

- 

In8 

-1.29 

-0.10 

31.6 

-0.22 

33.1 

-0.22 

33.3 

- 

Ig8 

-4.32 

-0.04 

12.5 

-0.06 

9.2 

-0.06 

9.3 

- 

Ia9 

-0.16 

0.00 

0.0 

-0.00 

0.0 

-0.00 

0.0 

- 

Ib9 

-0.19 

0.00 

0.1 

-0.00 

0.1 

-0.00 

0.2 

- 

IC9 

-4.20 

-0.22 

71.9 

-0.51 

78.0 

-0.53 

78.3 

- 

IcNU 

-4.95 

-0.02 

5.0 

-0.02 

2.3 

-0.01 

2.2 

- 

Igu 

-4.04 

-0.02 

8.3 

-0.05 

7.0 

-0.05 

7.3 

- 

ICN 14 

-0.64 

-0.00 

1.0 

-0.00 

0.4 

-0.00 

0.3 

- 

Igu 

-1.14 

-0.02 

5.8 

-0.04 

6.1 

-0.04 

6.3 

- 

IcNn 

-0.28 

-0.00 

1.3 

-0.00 

0.6 

-0.00 

0.5 

- 

Igu 

-0.71 

-0.02 

5.7 

-0.05 

8.0 

-0.06 

8.4 

- 

Igi8 

-0.46 

-0.03 

10.1 

-0.10 

14.6 

-0.10 

15.3 

- 
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Table  1.19:  Power  spectrum  density  of  measured  current  waveforms  integrated  over 
four  different  frequency  ranges  as  a  percentage  of  its  power  spectrum  density  inte- 
grated over  the  bandwidth  of  the  measurement  for  stroke  4  of  flash  FPL0Q18.    .  ' 


ID 

A/i 

A/2 

A/3 

A/4 

/, 

80.80 

4.07 

1.05 

0.46 

iMi 

80.90 

4.32 

1.08 

0.14 

lu 

- 

- 

- 

- 

ICNI 

40.55 

50.52 

3.95 

0.74 

Igi 

85.33 

1.00 

0.11 

0.11 

ICN2 

8.30 

47.90 

13.21 

29.97 

In2 

85.31 

1.32 

0.03 

0.06 

Ig2 

84.69 

1.44 

0.48 

0.14 

ICN5 

6.29 

46.76 

33.34 

13.06 

Ia5 

2.52 

8.82 

28.92 

59.45 

Ib, 

- 

- 

- 

- 

IC5 

23.70 

56.15 

6.02 

12.04 

Igs 

82.21 

3.84 

0.66 

0.20 

Ian% 

3.32 

5.14 

26.91 

64.44 

IbN8 

1.73 

2.99 

26.31 

68.67 

ICN8 

7.10 

3.88 

22.46 

65.23 

In8 

84.72 

1.83 

0.03 

0.04 

Ig8 

50.51 

23.85 

14.56 

3.28 

Ia^ 

1.39 

1.87 

22.78 

73.73 

Ib9 

3.41 

2.96 

25.27 

67.73 

IC9 

84.03 

1.72 

0.31 

0.08 

IcNU 

11.48 

53.20 

28.57 

6.05 

Igu 

43.58 

20.40 

23.33 

5.34 

ICN14 

17.83 

53.68 

15.24 

12.17 

Igu 

74.96 

7.51 

3.23 

1.34 

ICN17 

28.59 

59.93 

3.26 

6.74 

Ig17 

83.21 

1.52 

0.46 

0.35 

Ig\8 

84.47 

0.89 

0.06 

0.09 

100Hz<  A/i  <  10  kHz 
100kHz<  A/s  <  IMHz 


10  kHz  <  A/2  <  100  kHz 
lMHz<  A/4<  10  MHz 


-r'  l/.:-;^.- , 


■".'-_:^?Sf??^ETp-. ;" 
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Table  1.20:  Peak  current  and  charge  transferred  at  different  points  in  the  system 
calculated  at  three  different  instants  of  time  (100 //s,  500 //s,  and  1  ms)  for  stroke  5  of 
flash  FPL0018. 


ID 

Peak 

[kA] 

Charge  calculated  in  different  time  windows 

Saturation 

100  MS 

500 /xs 

1ms 

[C] 

% 

[C] 

% 

[C] 

% 

h 

-7.20 

-0.24 

100.0 

-0.60 

100.0 

-0.64 

100.0 

- 

Imi 

-7.45 

-0.23 

100.0 

-0.58 

100.0 

-0.60 

100.0 

- 

lu 

<-1.31 

<-0.12 

>52.4 

<-0.40 

>68.4 

<-0.43 

>70.9 

Severe 

ICNI 

-0.15 

-0.00 

0.6 

-0.00 

0.4 

-0.00 

0.6 

- 

Igi 

-0.32 

-0.02 

8.3 

-0.05 

9.3 

-0.06 

9.5 

- 

ICN2 

-0.16 

-0.00 

0.2 

-0.00 

0.0 

0.00 

0.0 

- 

Ini 

-0.50 

-0.04 

15.3 

-0.10 

17.7 

-0.11 

17.8 

- 

Ig2 

-0.65 

-0.02 

9.4 

-0.05 

9.5 

-0.06 

9.8 

- 

IcN5 

-0.80 

-0.00 

0.4 

-0.00 

0.2 

-0.00 

0.0 

- 

Ia5 

-0.15 

-0.00 

0.0 

-0.00 

0.0 

-0.00 

0.1 

- 

Ib5 

- 

- 

- 

- 

- 

- 

- 

- 

IC5 

-0.29 

-0.00 

1.0 

-0.00 

0.6 

-0.00 

0.8 

- 

Ig5 

-1.09 

-0.04 

15.8 

-0.08 

14.5 

-0.09 

14.7 

- 

Ians 

-0.09 

0.00 

0.1 

0.00 

0.3 

0.00 

0.2 

- 

Ibns 

-0.23 

0.00 

0.1 

0.00 

0.1 

0.00 

0.1 

- 

ICNS 

-0.44 

-0.00 

0.2 

-0.00 

0.6 

-0.01 

0.9 

- 

In8 

-0.96 

-0.07 

31.9 

-0.19 

33.1 

-0.20 

32.9 

- 

Igs 

-3.29 

-0.03 

12.7 

-0.05 

9.4 

-0.06 

9.7 

- 

Ia9 

-0.14 

0.00 

0.1 

0.00 

0.0 

-0.00 

0.0 

- 

Ib9 

-0.12 

0.00 

0.1 

-0.00 

0.0 

-0.00 

0.1 

- 

IC9 

-3.18 

-0.17 

73.4 

-0.45 

78.4 

-0.47 

78.5 

- 

IcNU 

-3.72 

-0.01 

4.2 

-0.01 

1.8 

-0.01 

1.5 

- 

Ian 

-3.01 

-0.02 

8.2 

-0.04 

6.9 

-0.04 

7.0 

- 

ICNM 

-0.52 

-0.00 

0.8 

-0.00 

0.3 

-0.00 

0.2 

- 

Igu 

-0.88 

-0.01 

5.5 

-0.03 

5.9 

-0.04 

6.1 

- 

IcNn 

-0.20 

-0.00 

0.7 

-0.00 

0.3 

-0.00 

0.3 

- 

Igi7 

-0.58 

-0.01 

5.6 

-0.05 

7.9 

-0.05 

8.3 

- 

Ig18 

-0.35 

-0.02 

9.8 

-0.08 

14.3 

-0.09 

14.9 

- 
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Figure  1.3:  Percentage  of  total  charge  transferred  to  ground  at  different  poles,  calcu- 
lated at  three  different  instants  of  time  (100 /is,  500 /is,  and  1  ms  from  the  beginning 
of  the  return  stroke),  for  stroke  3  of  flash  FPL0018  (See  Table  1.16).  Lightning  strike 
point  is  between  poles  9  and  10. 
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Figure  1.4:  Percentage  of  total  charge  transferred  to  ground  at  different  poles,  calcu- 
lated at  three  different  instants  of  time  (lOO/xs,  500 //s,  and  1  ms  from  the  beginning 
of  the  return  stroke),  for  stroke  4  of  flash  FPL0018  (See  Table  1.18).  Lightning  strike 
point  is  between  poles  9  and  10. 
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Table  1.21:  Power  spectrum  density  of  measured  current  waveforms  integrated  over 
four  different  frequency  ranges  as  a  percentage  of  its  power  spectrum  density  inte- 
grated over  the  bandwidth  of  the  measurement  for  stroke  5  of  flash  FPL0018. 


100Hz<  A/i  <  10  kHz 
100  kHz  <  A/3  <  1  MHz 


ID 

A/i 

A/2 

A/3 

A/4 

li 

81.74 

2.64 

0.85 

0.64 

Imi 

82.14 

2.81 

0.74 

0.17 

lu 

- 

- 

- 

- 

ICNI 

43.08 

45.99 

4.08 

1.16 

Igi 

85.10 

0.71 

0.12 

0.16 

IcN2 

3.78 

22.51 

22.88 

50.53 

In2 

85.17 

0.92 

0.04 

0.08 

Ig2 

84.57 

1.09 

0.42 

0.20 

ICN5 

3.56 

29.53 

44.35 

22.15 

Ia5 

1.22 

5.30 

28.34 

64.98 

Ibb 

- 

- 

- 

- 

IC5 

23.42 

41.72 

10.73 

21.23 

Ig5 

82.65 

2.72 

0.63 

0.32 

Ians 

4.13 

3.39 

22.59 

69.27 

IbN8 

1.55 

2.54 

24.10 

71.64 

ICN8 

6.23 

3.89 

20.89 

68.00 

^N8 

84.70 

1.35 

0.03 

0.05 

Ig8 

54.12 

18.71 

13.00 

5.02 

Ia9 

1.86 

2.34 

19.13 

76.30 

Ib9 

3.49 

2.53 

21.25 

72.09 

IC9 

84.10 

1.26 

0.25 

0.11 

ICNU 

9.68 

45.84 

32.11 

11.75 

Igu 

47.53 

14.82 

21.18 

8.23 

ICNU 

10.92 

43.24 

21.27 

23.78 

Igu 

76.72 

4.80 

3.03 

1.94 

Ion  17 

17.56 

53.43 

8.72 

19.56 

Igi7 

83.50 

0.85 

0.44 

0.46 

Igi8 

84.61 

0.45 

0.07 

0.12 

10kHz<  A/2  <  100  kHz 
1  MHz  <  A/4  <  10  MHz 
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Table  1.22:  Peak  current  and  charge  transferred  at  different  points  in  the  system 
calculated  at  three  different  instants  of  time  (100 /xs,  500 /xs,  and  1  ms)  for  stroke  6  of 


flash  FPL0018. 

ID 

Peak 

[kA] 

Charge  calculated  in  different  time  windows 

Saturation 

100 /is 

500 /xs 

1 

ms 

ic 

% 

C 

% 

C 

% 

/, 

-12.49 

-0.34 

100.0 

-0.81 

100.0 

-0.98 

100.0 

- 

I  Mi 

-12.73 

-0.34 

100.0 

-0.78 

100.0 

-0.95 

100.0 

- 

lu 

<-1.31 

<-0.12 

>36.0 

<-0.49 

>62.3 

<-0.65 

>68.3 

Severe 

ICNI 

-0.17 

-0.00 

0.5 

-0.00 

0.3 

-0.00 

0.3 

- 

Igi 

-0.55 

-0.03 

8.5 

-0.07 

9.3 

-0.09 

9.5 

- 

ICN2 

-0.27 

-0.00 

0.4 

-0.00 

0.1 

-0.00 

0.0 

- 

In2 

-0.77 

-0.05 

15.2 

-0.14 

17.3 

-0.17 

17.4 

- 

Ig2 

-1.04 

-0.03 

9.2 

-0.07 

9.3 

-0.09 

9.4 

- 

ICN5 

-0.83 

-0.00 

0.6 

-0.00 

0.2 

-0.00 

0.0 

- 

Ia5 

-0.25 

-0.00 

0.0 

-0.00 

0.0 

-0.00 

0.0 

- 

Ib, 

- 

- 

- 

- 

- 

- 

- 

- 

Ics 

-0.41 

-0.00 

1.0 

-0.00 

0.6 

-0.01 

0.6 

- 

Ig5 

-1.78 

-0.05 

15.3 

-0.11 

14.4 

-0.14 

14.3 

- 

IaN8 

-0.08 

0.00 

0.3 

0.00 

0.4 

0.00 

0.5 

- 

IbN8 

-0.31 

0.00 

0.1 

0.00 

0.1 

0.00 

0.0 

- 

^CNS 

-0.52 

-0.00 

0.2 

-0.00 

0.4 

-0.01 

0.7 

- 

Ins 

-1.56 

-0.10 

31.0 

-0.25 

32.4 

-0.31 

32.2 

- 

Ig8 

-5.83 

-0.04 

11.8 

-0.07 

9.5 

-0.09 

9.5 

- 

Ia9 

-0.15 

0.00 

0.1 

0.00 

0.1 

0.00 

0.0 

- 

Ib9 

-0.54 

0.00 

0.0 

-0.00 

0.1 

-0.00 

0.1 

- 

IC9 

-5.43 

-0.23 

69.2 

-0.60 

76.1 

-0.73 

77.0 

- 

IcNU 

-5.93 

-0.02 

5.6 

-0.02 

2.3 

-0.02 

1.7 

- 

Igu 

-5.07 

-0.03 

7.9 

-0.05 

6.9 

-0.07 

7.1 

- 

ICN 14 

-0.69 

-0.00 

1.2 

-0.00 

0.5 

-0.00 

0.3 

- 

Igu 

-1.52 

-0.02 

5.6 

-0.05 

5.9 

-0.06 

6.1 

- 

IcNU 

-0.39 

-0.01 

1.7 

-0.01 

0.7 

-0.01 

0.6 

- 

Igu 

-0.94 

-0.02 

5.8 

-0.06 

7.7 

-0.08 

8.1 

- 

Icia 

-0.56 

-0.03 

10.3 

-0.11 

13.9 

-0.14 

14.5 

- 
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Table  1.23:  Power  spectrum  density  of  measured  current  waveforms  integrated  over 
four  different  frequency  ranges  as  a  percentage  of  its  power  spectrum  density  inte- 
grated over  the  bandwidth  of  the  measurement  for  stroke  6  of  flash  FPL0018.       .,  •   . 


ID 

A/i 

A/2 

A/3 

A/4 

/, 

78.98 

5.85 

1.37 

0.41 

I  Ml 

79.08 

5.94 

1.40 

0.15 

lu 

- 

- 

- 

- 

ICNI 

38.63 

54.13 

3.57 

0.81 

Igi 

84.84 

1.48 

0.15 

0.10 

ICN2 

11.41 

56.62 

9.83 

21.46 

In2 

84.71 

1.98 

0.03 

0.05 

Ig2 

83.98 

2.24 

0.53 

0.15 

ICN5 

7.82 

48.51 

30.46 

12.63 

Ia5 

1.95 

14.79 

30.01 

53.21 

Ib, 

- 

- 

- 

- 

IC5 

24.43 

60.89 

4.41 

8.54 

Ig5 

80.61 

5.64 

0.88 

0.17 

IaN8 

7.15 

8.80 

28.50 

54.58 

IbN8 

0.81 

4.80 

30.07 

64.23 

ICN8 

10.00 

3.54 

20.62 

64.31 

In8 

83.95 

2.68 

0.03 

0.03 

Ig8 

44.17 

29.72 

17.16 

2.45 

Ia9 

2.37 

2.21 

22.98 

72.12 

Ib9 

2.50 

5.06 

46.61 

45.44 

IC9 

82.98 

2.60 

0.42 

0.07 

I  GNU 

13.06 

54.93 

27.26 

4.06 

Igu 

38.34 

25.49 

26.23 

3.69 

Ignu 

20.39 

58.44 

11.71 

8.16 

Igu 

71.85 

10.33 

4.35 

1.07 

ICNU 

33.25 

59.85 

1.59 

3.51 

Icn 

82.27 

2.17 

0.66 

0.33 

Ig\8 

83.94 

1.34 

0.07 

0.08 

100  Hz  <  A/i  <  10  kHz 
100  kHz  <  A/3  <  1  MHz 


10  kHz  <  A/2  <  100  kHz 
1  MHz  <  A/4  <  10  MHz 
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Table  1.24:  Peak  current  and  charge  transferred  at  different  points  in  the  system 
calculated  at  three  different  instants  of  time  (100 /is,  500 //s,  and  1  ms)  for  stroke  1  of 


flash  FP 

L0032. 

ID 

Peak 

[kA] 

Charge  calculated  in  different  time  windows 

Saturation 

100 /is 

500 /xs 

1ms 

[C 

% 

[C] 

% 

C 

% 

/. 

-10.50 

-0.34 

100.0 

-0.45 

100.0 

-0.46 

100.0 

Slight 

I  Mi 

- 

- 

- 

- 

- 

- 

- 

- 

lu 

<-1.67 

<-0.01 

>1.9 

<-0.03 

>5.7 

<-0.05 

>11.0 

Severe 

Igi 

-0.47 

-0.03 

7.9 

-0.04 

8.9 

-0.04 

9.1 

- 

IcN2 

-0.40 

-0.02 

4.6 

-0.02 

3.6 

-0.02 

3.7 

- 

Ig2 

-0.52 

-0.03 

8.3 

-0.04 

8.8 

-0.04 

9.0 

- 

ICN5 

-0.50 

-0.01 

3.9 

-0.01 

2.8 

-0.01 

2.6 

- 

Ia5 

-0.14 

-0.00 

0.0 

-0.00 

0.0 

-0.00 

0.0 

- 

Ib5 

-0.05 

0.00 

0.0 

0.00 

0.0 

0.00 

0.0 

- 

IC5 

-0.53 

-0.02 

7.1 

-0.04 

9.9 

-0.05 

11.2 

- 

Ig5 

-0.97 

-0.05 

13.3 

-0.06 

13.7 

-0.07 

14.4 

- 

IaN8 

-0.07 

0.00 

0.2 

0.00 

0.2 

0.00 

0.2 

- 

Ibns 

-0.07 

0.00 

0.1 

-0.00 

0.0 

-0.00 

0.1 

- 

ICNS 

-3.00 

-0.09 

25.7 

-0.11 

24.7 

-0.11 

23.8 

- 

Ig8 

-3.00 

-0.09 

25.7 

-0.11 

24.7 

-0.11 

23.8 

- 

Ia9 

-0.12 

0.00 

0.0 

0.00 

0.1 

0.00 

0.2 

- 

Ib9 

-0.05 

0.00 

0.0 

0.00 

0.0 

0.00 

0.1 

- 

IC9 

-3.23 

-0.13 

37.7 

-0.17 

38.3 

-0.17 

37.9 

- 

ICNII 

-3.43 

-0.09 

25.0 

-0.11 

24.7 

-0.11 

23.6 

- 

Igii 

-2.54 

-0.03 

7.5 

-0.03 

6.7 

-0.03 

7.1 

- 

ICNIA 

-0.47 

-0.01 

3.2 

-0.01 

2.5 

-0.01 

2.3 

Igi4 

-0.83 

-0.02 

5.9 

-0.03 

6.2 

-0.03 

6.4 

- 

IcNn 

-0.42 

-0.02 

5.1 

-0.02 

3.8 

-0.02 

3.8 

- 

Ion 

-0.51 

-0.02 

6.4 

-0.04 

7.7 

-0.04 

8.0 

- 

Ig\& 

-0.74 

-0.05 

13.4 

-0.09 

19.8 

-0.10 

21.1 

- 
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1  ms 

500  ;is 
100 /is 


18     17 


Pole  Number 


Figure  1.5:  Percentage  of  total  charge  transferred  to  ground  at  different  poles,  calcu- 
lated at  three  different  instants  of  time  (100 //s,  500 //s,  and  1  ms  from  the  beginning 
of  the  return  stroke),  for  stroke  5  of  flash  FPL0018  (See  Table  1.20).  Lightning  strike 
point  is  between  poles  9  and  10. 


1  ms 
500 /is 
100 /is 


14  11 

Pole  Number 


Figure  1.6:  Percentage  of  total  charge  transferred  to  ground  at  different  poles,  calcu- 
lated at  three  different  instants  of  time  (100  ^s,  500 /is,  and  1  ms  from  the  beginning 
of  the  return  stroke),  for  stroke  6  of  flash  FPL0018  (See  Table  1.22).  Lightning  strike 
point  is  between  poles  9  and  10. 
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Table  1.25:  Peak  current  and  charge  transferred  at  different  points  in  the  system 
calculated  at  three  different  instants  of  time  (100 /js,  500 //s,  and  1  ms)  for  stroke  2  of 
flash  FPL0032. 


ID 

Peak 

[kA] 

Charge  calculated  in  different  time  windows 

Saturation 

100 /IS 

500 /is 

1  ms 

[C 

% 

[C 

% 

C] 

% 

/. 

-11.00 

-0.39 

100.0 

-0.73 

100.0 

-1.03 

100.0 

- 

iMi 

-10.97 

-0.37 

94.7 

-0.70 

96.4 

-0.99 

96.6 

Slight 

lu 

- 

- 

- 

- 

- 

- 

- 

hi 

-0.49 

-0.03 

7.7 

-0.06 

8.7 

-0.09 

8.9 

- 

ICN2 

-0.42 

-0.02 

4.8 

-0.02 

2.7 

-0.02 

2.2 

- 

Ig2 

-0.84 

-0.03 

8.4 

-0.06 

8.6 

-0.09 

8.8 

- 

IcNb 

-0.67 

-0.02 

4.2 

-0.02 

2.3 

-0.02 

1.8 

- 

Ia5 

-0.23 

-0.00 

0.1 

0.00 

0.0 

0.00 

0.0 

- 

Ib5 

-0.17 

-0.00 

0.1 

-0.00 

0.0 

-0.00 

0.0 

- 

IC5 

-0.56 

-0.03 

6.9 

-0.06 

8.0 

-0.10 

9.4 

- 

Ig5 

-1.37 

-0.05 

13.2 

-0.09 

13.0 

-0.14 

13.2 

- 

Ians 

-0.08 

0.00 

0.1 

0.00 

0.1 

0.00 

0.1 

- 

IbN8 

-0.08 

0.00 

0.0 

-0.00 

0.0 

-0.00 

0.1 

- 

ICNS 

-4.69 

-0.11 

26.9 

-0.22 

30.6 

-0.32 

31.5 

- 

Ig8 

-4.97 

-0.04 

9.9 

-0.06 

8.6 

-0.09 

8.8 

- 

Ia9 

-0.14 

0.00 

0.1 

0.00 

0.1 

0.00 

0.1 

- 

Ib9 

-0.25 

0.00 

0.0 

0.00 

0.0 

0.00 

0.0 

- 

IC9 

-4.99 

-0.15 

37.4 

-0.27 

37.7 

-0.39 

37.6 

- 

hNll 

-5.18 

-0.10 

24.9 

-0.19 

26.4 

-0.26 

25.4 

- 

Igii 

-4.21 

-0.03 

7.5 

-0.05 

6.6 

-0.07 

6.9 

- 

IcNli 

-0.66 

-0.01 

3.5 

-0.02 

2.2 

-0.02 

1.8 

- 

Ig  14 

-1.31 

-0.02 

5.9 

-0.04 

5.8 

-0.06 

5.9 

- 

IcNll 

-0.45 

-0.02 

5.2 

-0.02 

3.0 

-0.03 

2.6 

- 

Igii 

-0.78 

-0.02 

6.3 

-0.05 

7.4 

-0.08 

7.6 

- 

Igi8 

-0.68 

-0.04 

11.0 

-0.10 

13.3 

-0.14 

13.6 

- 

i 


■Wi^ " 
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Table  1.26:  Peak  current  and  charge  transferred  at  different  points  in  the  system 
calculated  at  three  different  instants  of  time  (100 /is,  500  ^s,  and  1  ms)  for  stroke  3  of 
flash  FPL0032. 


ID 

Peak 

[kA] 

Charge  calculated  in  different  time  windows 

Saturation 

100 /iS 

500 /is 

1ms 

[C] 

% 

C] 

% 

C] 

% 

/. 

-7.79 

-0.23 

100.0 

-0.34 

100.0 

-0.34 

100.0 

- 

iMi 

-8.10 

-0.22 

93.9 

-0.33 

97.6 

-0.34 

99.8 

Slight 

II, 

- 

- 

- 

- 

- 

- 

- 

- 

Igi 

-0.33 

-0.02 

7.8 

-0.03 

8.7 

-0.03 

8.8 

- 

IcN2 

-0.28 

-0.01 

3.6 

-0.01 

2.4 

-0.01 

2.3 

- 

Ig2 

-0.40 

-0.02 

8.5 

-0.03 

8.8 

-0.03 

8.9 

- 

IcNi 

-0.44 

-0.01 

3.4 

-0.01 

2.2 

-0.01 

2.1 

- 

Ia5 

-0.11 

0.00 

0.0 

0.00 

0.1 

0.00 

0.1 

- 

Ib5 

-0.02 

0.00 

0.1 

0.00 

0.1 

0.00 

0.1 

- 

IC5 

-0.39 

-0.02 

7.1 

-0.04 

11.6 

-0.04 

12.0 

- 

Ig5 

-0.77 

-0.03 

13.0 

-0.04 

12.9 

-0.04 

12.9 

- 

LaN8 

-0.07 

0.00 

0.1 

0.00 

0.3 

0.00 

0.3 

IbN8 

-0.07 

0.00 

0.1 

-0.00 

0.0 

-0.00 

0.0 

- 

ICN8 

-2.92 

-0.07 

28.3 

-0.11 

31.6 

-0.11 

32.8 

- 

Ig8 

-3.17 

-0.02 

9.6 

-0.03 

8.8 

-0.03 

8.9 

- 

Ia9 

-0.06 

0.00 

0.0 

0.00 

0.2 

0.00 

0.2 

- 

Ib9 

-0.04 

0.00 

0.0 

0.00 

0.1 

0.00 

0.1 

- 

IC9 

-3.21 

-0.08 

36.6 

-0.12 

35.9 

-0.12 

35.5 

- 

ICNII 

-3.22 

-0.06 

24.9 

-0.07 

21.8 

-0.07 

21.3 

- 

Igu 

-2.65 

-0.02 

7.1 

-0.02 

6.0 

-0.02 

6.1 

- 

ICN14 

-0.40 

-0.01 

2.8 

-0.01 

1.8 

-0.01 

1.8 

- 

Igu 

-0.77 

-0.01 

5.7 

-0.02 

5.8 

-0.02 

5.9 

- 

IcNii 

-0.30 

-0.01 

3.9 

-0.01 

2.6 

-0.01 

2.5 

- 

Igu 

-0.43 

-0.01 

6.3 

-0.03 

7.5 

-0.03 

7.5 

- 

Igis 

-0.47 

-0.03 

11.2 

-0.05 

13.4 

-0.05 

13.5 

- 
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Table  1.27:  Peak  current  and  charge  transferred  at  different  points  in  the  system 
calculated  at  three  different  instants  of  time  (100 /is,  500 /is,  and  1  ms)  for  stroke  4  of 
flash  FPL0032. 


ID 

Peak 

[kA] 

Charge  calculated  in  different  time  windows 

Saturation 

100  MS 

500 /lis 

1  ms 

C 

% 

[C] 

% 

C] 

% 

u 

-18.29 

-0.68 

100.0 

-1.29 

100.0 

-1.91 

100.0 

- 

Imi 

<-18.36 

<-0.66 

>97.7 

<-1.25 

>96.9 

<-1.83 

>96.0 

Severe 

lu 

- 

- 

- 

- 

- 

- 

- 

- 

Igi 

-0.83 

-0.05 

7.9 

-0.11 

8.7 

-0.17 

8.8 

- 

ICN2 

-0.76 

-0.04 

6.1 

-0.05 

3.9 

-0.06 

3.3 

- 

Ig2 

-1.20 

-0.06 

8.7 

-0.11 

8.8 

-0.17 

8.8 

- 

IcN5 

-1.01 

-0.04 

5.5 

-0.05 

3.6 

-0.06 

3.0 

- 

Ia5 

-0.29 

-0.00 

0.1 

-0.00 

0.0 

-0.00 

0.0 

- 

Ib5 

-0.22 

-0.00 

0.1 

-0.00 

0.1 

-0.00 

0.0 

- 

IC5 

-0.92 

-0.05 

7.5 

-0.09 

7.1 

-0.14 

7.6 

- 

Ig5 

-2.15 

-0.09 

13.5 

-0.17 

13.2 

-0.25 

13.2 

- 

IaN8 

-0.07 

0.00 

0.2 

0.00 

0.1 

0.00 

0.0 

- 

Ibn& 

-0.31 

0.00 

0.1 

0.00 

0.0 

-0.00 

0.0 

- 

ICN8 

-7.09 

-0.17 

24.7 

-0.34 

26.6 

-0.51 

26.5 

- 

Igs 

-8.62 

-0.07 

9.9 

-0.11 

8.5 

-0.16 

8.5 

- 

Ia9 

-0.09 

0.00 

0.0 

0.00 

0.0 

0.00 

0.0 

- 

Ib9 

-0.74 

-0.00 

0.0 

-0.00 

0.0 

-0.00 

0.0 

- 

IC9 

-7.90 

-0.26 

38.6 

-0.49 

38.1 

-0.72 

37.6 

- 

IcNll 

-7.79 

-0.16 

24.1 

-0.34 

26.6 

-0.50 

26.3 

- 

Igu 

-6.51 

-0.05 

7.9 

-0.09 

6.9 

-0.13 

6.8 

- 

Iqnu 

-0.85 

-0.03 

4.3 

-0.04 

3.2 

-0.05 

2.8 

- 

Ig14 

-2.08 

-0.04 

6.0 

-0.08 

5.9 

-0.11 

6.0 

- 

ICNU 

-0.84 

-0.04 

6.6 

-0.06 

4.4 

-0.07 

3.8 

- 

Igi7 

-1.06 

-0.04 

6.5 

-0.10 

7.6 

-0.15 

7.7 

- 

Igis 

-1.14 

-0.08 

11.3 

-0.18 

13.6 

-0.26 

13.8 

- 
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Table  1.28:  Peak  current  and  charge  transferred  at  different  points  in  the  system 
calculated  at  three  different  instants  of  time  (100 /iS,  500 /is,  and  1  ms)  for  stroke  5  of 
flash  FPL0Q32. 


ID 

Peak 

[kA] 

Charge  calculated  in  different  time  windows 

Satm-ation 

100  ^s 

500 /iS 

1ms 

C 

% 

C 

% 

C] 

% 

I^ 

-16.64 

-0.56 

100.0 

-1.05 

100.0 

-1.43 

100.0 

- 

I  Mi 

-17.12 

-0.55 

97.8 

-1.03 

97.8 

-1.39 

97.0 

Slight 

hr 

- 

- 

- 

- 

- 

- 

- 

- 

lai 

-0.70 

-0.04 

8.0 

-0.09 

8.8 

-0.13 

8.9 

- 

ICN2 

-0.64 

-0.03 

6.0 

-0.04 

3.8 

-0.05 

3.3 

- 

Ig2 

-1.08 

-0.05 

8.7 

-0.09 

8.9 

-0.13 

9.0 

- 

ICN5 

-0.89 

-0.03 

5.6 

-0.04 

3.8 

-0.05 

3.2 

- 

Ias 

-0.28 

-0.00 

0.1 

-0.00 

0.0 

-0.00 

0.0 

- 

Ib5 

-0.20 

-0.00 

0.0 

0.00 

0.0 

0.00 

0.0 

- 

IC5 

-0.79 

-0.04 

7.6 

-0.08 

7.9 

-0.13 

9.0 

- 

Ig5 

-1.98 

-0.08 

13.5 

-0.14 

13.3 

-0.19 

13.3 

- 

IaN8 

-0.08 

0.00 

0.2 

0.00 

0.1 

0.00 

0.0 

- 

Ibns 

-0.07 

0.00 

0.1 

0.00 

0.1 

0.00 

0.0 

- 

ICNS 

-6.54 

-0.14 

24.6 

-0.28 

26.5 

-0.37 

26.0 

- 

Ig8 

-7.28 

-0.06 

9.9 

-0.09 

8.7 

-0.13 

8.8 

- 

Ia9 

-0.11 

0.00 

0.0 

0.00 

0.0 

0.00 

0.0 

- 

Ib9 

-0.47 

-0.00 

0.0 

0.00 

0.0 

-0.00 

0.0 

- 

IC9 

-7.30 

-0.22 

38.4 

-0.40 

38.1 

-0.54 

37.7 

- 

ICN 11 

-7.45 

-0.13 

24.0 

-0.28 

26.3 

-0.36 

25.3 

- 

Iqii 

-5.92 

-0.04 

7.7 

-0.07 

6.7 

-0.10 

6.8 

- 

ICNIA 

-0.84 

-0.03 

4.5 

-0.04 

3.4 

-0.04 

2.9 

- 

Iqu 

-1.89 

-0.03 

6.0 

-0.06 

5.9 

-0.09 

6.0 

- 

IcNn 

-0.69 

-0.04 

6.4 

-0.05 

4.4 

-0.05 

3.8 

- 

Ion 

-0.97 

-0.04 

6.5 

-0.08 

7.7 

-0.11 

7.7 

- 

Igis 

-0.98 

-0.06 

10.7 

-0.13 

12.1 

-0.17 

12.2 

- 
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Table  1.29:  Peak  current  and  charge  transferred  at  different  points  in  the  system 
calculated  at  three  different  instants  of  time  (100/is,  500 //s,  and  1  ms)  for  stroke  6  of 
flash  FPL0032. 


ID 

Peak 

[kA] 

Charge  calculated  in  different  time  windows 

Saturation 

100 /is 

500 /iS 

1ms 

[C] 

% 

[C] 

% 

C 

% 

/, 

-9.21 

-0.31 

100.0 

-0.46 

100.0 

-0.46 

100.0 

- 

I  Ml 

-10.69 

-0.29 

100.0 

-0.44 

100.0 

-0.45 

100.0 

- 

iLr 

- 

- 

- 

- 

- 

- 

_ 

- 

Igx 

-0.42 

-0.02 

8.1 

-0.04 

8.9 

-0.04 

9.2 

- 

ICN2 

-0.35 

-0.01 

4.9 

-0.02 

3.4 

-0.02 

3.3 

- 

Ig2 

-0.65 

-0.03 

8.8 

-0.04 

8.9 

-0.04 

9.0 

- 

IcN5 

-0.67 

-0.01 

4.9 

-0.01 

3.3 

-0.01 

3.0 

- 

Ia5 

-0.19 

-0.00 

0.0 

0.00 

0.0 

0.00 

0.1 

- 

Ibs 

-0.16 

-0.00 

0.1 

-0.00 

0.0 

0.00 

0.1 

- 

IC5 

-0.48 

-0.02 

7.8 

-0.05 

10.7 

-0.05 

11.9 

- 

Ig5 

-1.15 

-0.04 

13.6 

-0.06 

13.3 

-0.06 

13.6 

- 

IaN8 

-0.08 

0.00 

0.1 

0.00 

0.2 

0.00 

0.3 

- 

IbN8 

-0.09 

0.00 

0.0 

-0.00 

0.1 

-0.00 

0.2 

- 

ICN8 

-4.12 

-0.07 

25.4 

-0.11 

24.3 

-0.11 

24.8 

- 

Ig8 

-4.23 

-0.03 

9.8 

-0.04 

8.6 

-0.04 

9.1 

- 

Ia9 

-0.12 

0.00 

0.0 

0.00 

0.2 

0.00 

0.2 

- 

Ib9 

-0.12 

0.00 

0.0 

0.00 

0.1 

0.00 

0.1 

- 

IC9 

-4.42 

-0.11 

38.3 

-0.16 

36.7 

-0.16 

35.2 

- 

ICNU 

-4.59 

-0.07 

24.3 

-0.10 

22.6 

-0.09 

20.7 

- 

Igii 

-3.41 

-0.02 

7.5 

-0.03 

6.5 

-0.03 

6.7 

- 

ICN14 

-0.64 

-0.01 

4.2 

-0.01 

3.0 

-0.01 

2.8 

- 

Igi4 

-1.16 

-0.02 

5.9 

-0.03 

6.0 

-0.03 

6.1 

- 

ICNII 

-0.38 

-0.02 

5.3 

-0.02 

3.8 

-0.02 

3.6 

- 

Igii 

-0.69 

-0.02 

6.5 

-0.03 

7.5 

-0.03 

7.7 

- 

Igi8 

-0.54 

-0.02 

8.4 

-0.02 

5.1 

-0.02 

3.9 

- 

^:f-i; 
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Table  1.30:  Peak  current  and  charge  transferred  at  different  points  in  the  system 
calculated  at  three  different  instants  of  time  (100 /is,  500 /iS,  and  1ms)  for  stroke  7  of 
flash  FPL0032. 


ID 

Peak 

[kA] 

Charge  calculated  in  different  time  windows 

Saturation 

100  ^s 

500 /is 

1ms 

C] 

% 

C 

% 

C] 

% 

U 

-8.64 

-0.28 

100.0 

-0.48 

100.0 

-0.50 

100.0 

- 

Imz 

-8.94 

-0.27 

95.4 

-0.45 

94.7 

-0.48 

95.7 

Slight 

lu 

- 

- 

- 

- 

- 

- 

- 

- 

Igi 

-0.37 

-0.02 

7.8 

-0.04 

8.4 

-0.04 

8.4 

- 

ICN2 

-0.33 

-0.01 

4.7 

-0.01 

3.0 

-0.01 

2.8 

- 

Ig2 

-0.53 

-0.02 

8.5 

-0.04 

8.6 

-0.04 

8.6 

- 

IcN5 

-0.60 

-0.01 

4.7 

-0.01 

2.9 

-0.01 

2.5 

- 

Ia5 

-0.18 

-0.00 

0.1 

-0.00 

0.0 

0.00 

0.0 

- 

Ib5 

-0.12 

-0.00 

0.0 

0.00 

0.0 

0.00 

0.1 

- 

IC5 

-0.45 

-0.02 

7.5 

-0.05 

10.2 

-0.06 

11.3 

- 

Ig5 

-1.04 

-0.04 

13.0 

-0.06 

12.7 

-0.06 

12.9 

- 

IaN8 

-0.08 

0.00 

0.1 

0.00 

0.1 

0.00 

0.1 

- 

Ibns 

-0.08 

0.00 

0.1 

0.00 

0.1 

0.00 

0.2 

- 

ICNS 

-3.67 

-0.07 

24.1 

-0.11 

23.0 

-0.11 

22.4 

- 

Ig8 

-3.78 

-0.03 

9.4 

-0.04 

8.1 

-0.04 

8.4 

- 

Ia9 

-0.12 

0.00 

0.1 

0.00 

0.2 

0.00 

0.2 

- 

Ib9 

-0.08 

0.00 

0.0 

0.00 

0.1 

0.00 

0.1 

- 

IC9 

-3.92 

-0.10 

36.5 

-0.17 

34.6 

-0.16 

32.2 

- 

IcNU 

-4.07 

-0.06 

23.1 

-0.10 

21.3 

-0.09 

18.5 

- 

Igu 

-3.17 

-0.02 

7.1 

-0.03 

6.1 

-0.03 

6.4 

- 

ICN 14 

-0.56 

-0.01 

4.0 

-0.01 

2.7 

-0.01 

2.4 

- 

Igu 

-1.03 

-0.02 

5.7 

-0.03 

5.7 

-0.03 

5.8 

- 

IcNn 

-0.34 

-0.01 

5.0 

-0.02 

3.2 

-0.02 

3.0 

- 

Igu 

-0.62 

-0.02 

6.3 

-0.03 

7.2 

-0.04 

7.4 

- 

Igi8 

-0.52 

-0.03 

10.5 

-0.05 

11.4 

-0.06 

11.1 

- 
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Table  1.31:  Peak  current  and  charge  transferred  at  different  points  in  the  system 
calculated  at  three  different  instants  of  time  (100 /xs,  500 /xs,  and  1  ms)  for  stroke  1  of 


flash  FPL0033. 

ID 

Peak 

[kA] 

Charge  calculated  in  different  time  windows 

Saturation 

100  ^s 

500 /is 

1ms 

C] 

% 

C 

% 

C 

% 

I^ 

-56.00 

-2.79 

100.0 

-7.06 

100.0 

-10.16 

100.0 

Slight 

Ilvti 

<-19.11 

<-1.77 

>63.4 

<-5.99 

>84.9 

<-9.02 

>88.7 

Severe 

lu 

- 

- 

- 

- 

- 

- 

- 

- 

IcNl 

<-0.28 

<-0.01 

>0.4 

<-0.05 

>0.7 

<-0.08 

>0.8 

Severe 

Igi 

<-2.15 

<-0.19 

>6.7 

<-1.00 

>14.2 

<-2.02 

>19.9 

Severe 

ICN2 

-2.37 

-0.18 

6.5 

-0.25 

3.5 

-0.24 

2.3 

SUght 

Ig2 

<-2.26 

<-0.15 

>5.3 

<-0.28 

>3.9 

<-0.34 

>3.4 

Severe 

IcN5 

-2.41 

-0.15 

5.5 

-0.45 

6.3 

-0.62 

6.1 

SUght 

Ia5 

-0.92 

-0.01 

0.3 

-0.01 

0.1 

-0.01 

0.1 

- 

Ib5 

-0.38 

-0.00 

0.0 

-0.00 

0.0 

-0.00 

0.0 

- 

IC5 

-2.56 

-0.20 

7.2 

-0.68 

9.6 

-0.89 

8.8 

SUght 

Ig5 

<-4.49 

<-0.29 

>10.3 

<-0.51 

>7.2 

<-0.58 

>5.7 

Severe 

Ians 

-0.08 

0.01 

0.4 

0.01 

0.2 

0.01 

0.1 

- 

IbN8 

<-3.00 

<-0.05 

>1.9 

<-0.31 

>4.4 

<-0.30 

>3.0 

Severe 

ICNS 

<-11.20 

<-0.48 

>17.3 

<-0.99 

>14.0 

<-1.39 

>13.7 

Severe 

In8 

<-3.87 

<-0.12 

>4.1 

<-0.49 

>7.0 

<-0.87 

>8.6 

Severe 

Ig8 

<-13.79 

<-0.24 

>8.6 

<-0.39 

>5.5 

<-0.42 

>4.2 

Severe 

Ia9 

-0.28 

-0.00 

0.1 

-0.00 

0.0 

-0.00 

0.0 

- 

Ib9 

<-1.50 

<-0.14 

>4.9 

<-0.70 

>9.9 

<-0.79 

>7.8 

Severe 

IC9 

<-14.10 

<-0.86 

>30.8 

<-2.18 

>30.9 

<-2.99 

>29.4 

Severe 

ICNll 

<-11.20 

<-0.53 

>18.9 

<-1.01 

>14.2 

<-1.39 

>13.7 

Severe 

Igu 

<-13.57 

<-0.29 

>10.2 

<-0.42 

>6.0 

<-0.46 

>4.5 

Severe 

Ion  14 

-2.06 

-0.12 

4.1 

-0.28 

4.0 

-0.39 

3.8 

- 

Igu 

<-4.51 

<-0.16 

>5.6 

<-0.29 

>4.1 

<-0.33 

>3.2 

Severe 

IcNn 

-2.21 

-0.16 

5.8 

-0.28 

3.9 

-0.28 

2.7 

Slight 

Igu 

<-2.70 

<-0.17 

>6.2 

<-0.37 

>5.2 

<-0.43 

>4.3 

Severe 

Icia 

<-2.72 

<-0.23 

>8.3 

<-0.58 

>8.2 

<-0.69 

>6.8 

Severe 
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Table  1.32:  Peak  current  and  charge  transferred  at  different  points  in  the  system 
calculated  at  three  different  instants  of  time  (100 /iS,  500  fis,  and  1  ms)  for  stroke  1  of 


llash  FF 

L0034. 

ID 

PeaJc 

[kA] 

Charge  calculated  in  different  time  windows 

Saturation 

100 //s 

500  Ais 

1] 

■US 

[CJ 

% 

[c 

% 

[C] 

% 

I^ 

-28.57 

-1.27 

100.0 

-2.47 

100.0 

-3.47 

100.0 

- 

I  Mi 

<-19.11 

<-1.21 

>95,4 

<-2.36 

>95.7 

<-3.31 

>95.2 

Severe 

hi 

- 

- 

- 

- 

- 

- 

- 

- 

ICNI 

-0.23 

-0.00 

0.3 

-0.00 

0.2 

-0.01 

0.2 

Slight 

Igi 

-1.36 

-0.10 

8.0 

-0.22 

8.8 

-0.31 

8.8 

- 

ICN2 

-1.07 

-0.02 

1.8 

-0.02 

0.9 

-0.02 

0.7 

- 

In2 

-2.36 

-0.16 

12.7 

-0.38 

15.5 

-0.54 

15.7 

Shght 

Ig2 

-1.90 

-0.11 

8.6 

-0.22 

8.8 

-0.31 

8.8 

Slight 

ICN5 

-1.21 

-0.01 

0.9 

-0.01 

0.5 

-0.01 

0.3 

- 

Ia5 

-0.51 

-0.00 

0.2 

-0.00 

0.1 

-0.00 

0.1 

- 

Ib5 

- 

- 

- 

- 

- 

- 

- 

- 

IC5 

-1.24 

-0.03 

2.1 

-0.03 

1.1 

-0.03 

0.9 

- 

Ig5 

-3.50 

-0.19 

14.6 

-0.34 

13.7 

-0.47 

13.6 

Shght 

IaN8 

-0.08 

0.01 

0.4 

0.01 

0.2 

0.00 

0.1 

- 

IbN8 

-2.10 

0.00 

0.3 

0.00 

0.1 

0.00 

0.1 

Shght 

ICN8 

-0.30 

0.00 

0.2 

-0.00 

0.0 

-0.00 

0.0 

- 

Ins 

-0.96 

-0.03 

2.6 

-0.29 

11.6 

-0.44 

12.8 

- 

Iqs 

-11.79 

-0.14 

11.3 

-0.22 

8.9 

-0.30 

8.6 

Slight 

Ia9 

-0.28 

0.00 

0.1 

-0.00 

0.0 

-0.00 

0.0 

- 

Ib9 

<-1.50 

<0.00 

>0.0 

<-0.00 

>0.0 

<-0.00 

>0.1 

Severe 

IC9 

-11.31 

-0.75 

59.1 

-1.66 

67.3 

-2.38 

68.6 

Shght 

IcN  11 

<-10.89 

<-0.11 

>8.6 

<-0.11 

>4.3 

<-0.10 

>2.9 

Severe 

Igu 

-9.57 

-0.10 

8.0 

-0.17 

6.8 

-0.24 

6.9 

- 

ICNIA 

-1.18 

-0.03 

2.3 

-0.03 

1.2 

-0.03 

0.8 

- 

Igu 

-3.20 

-0.07 

5.8 

-0.15 

6.0 

-0.21 

6.0 

- 

ICNIY 

-1.49 

-0.06 

4.7 

-0.06 

2.4 

-0.06 

1.7 

- 

Ian 

-1.67 

-0.08 

6.0 

-0.19 

7.5 

-0.27 

7.6 

- 

Ig\8 

-2.01 

-0.13 

10.5 

-0.34 

13.6 

-0.48 

13.8 

Shght 
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Table  1.33:  Power  spectrum  density  of  measured  current  waveforms  integrated  over 
four  different  frequency  ranges  as  a  percentage  of  its  power  spectrum  density  inte- 
grated over  thejDaiidwidth_of_tl^^ 


ID 

A/i 

A/2 

A/3 

A/4 

h 

81.61 

5.16 

0.52 

0.13 

Imi 

- 

- 

- 

- 

hi 

- 

- 

- 

- 

ICN\ 

66.87 

28.87 

1.08 

0.14 

Igi 

85.62 

1.42 

0.03 

0.01 

ICN2 

48.28 

48.39 

0.15 

0.27 

In2 

86.06 

1.24 

0.01 

0.01 

Ig2 

85.24 

1.85 

0.17 

0.02 

ICN5 

24.00 

69.84 

3.51 

1.01 

Ia, 

16.86 

67.05 

8.76 

7.02 

Ib5 

2.85 

2.30 

18.26 

76.17 

IC5 

51.69 

45.15 

0.15 

0.24 

Ig6 

83.57 

4.12 

0.27 

0.02 

IaN8 

15.02 

49.47 

22.20 

12.14 

Ibns, 

4.34 

22.94 

65.49 

6.79 

ICN8 

24.57 

5.18 

15.77 

53.50 

In8 

83.79 

0.44 

0.05 

0.02 

Ig8 

63.77 

21.18 

6.83 

0.35 

Ia9 

10.27 

22.97 

27.26 

38.07 

Ib9 

- 

- 

- 

- 

IC9 

84.70 

1.67 

0.18 

0.01 

ICNW 

- 

- 

- 

- 

Igu 

59.30 

23.17 

8.59 

0.43 

Iqnu 

60.60 

33.96 

1.15 

0.34 

Igia 

77.02 

9.23 

1.49 

0.11 

Iqnu 

72.47 

22.52 

0.03 

0.05 

Ig17 

83.27 

2.75 

0.22 

0.03 

Ig\8 

84.14 

2.29 

0.01 

0.01 

100  Hz  < 

A/i  <  10  kH 

z     ;      10  kHz 

<  A/2  <  100 

kHz 

100  kHz  <  A/3  <  1  MHz     ;      1  MHz  <  A/4  <  10  MHz 
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Table  1.34:  Peak  current  and  charge  transferred  at  different  points  in  the  system 
calculated  at  three  different  instants  of  time  (100 //s,  500 /is,  and  1  ms)  for  stroke  2  of 


flash  FPL0034. 

ID 

Peak 

[kA] 

Charge  calculated  in  different  time  windows 

Saturation 

100 /iS 

500 /xs 

1ms 

[CJ 

% 

[C] 

% 

C 

% 

/, 

-19.21 

-0.73 

100.0 

-1.26 

100.0 

-1.36 

100.0 

- 

Imi 

<-18.99 

<-0.71 

>98.2 

<-1.23 

>97.4 

<-1.34 

>98.2 

Severe 

lu 

- 

- 

- 

- 

- 

- 

- 

- 

IcNl 

-0.17 

-0.00 

0.3 

-0.00 

0.2 

-0.00 

0.3 

- 

Igi 

-0.83 

-0.06 

8.2 

-0.11 

8.7 

-0.12 

8.9 

- 

ICN2 

-0.51 

-0.01 

0.9 

-0.01 

0.5 

-0.01 

0.5 

- 

In2 

-1.52 

-0.10 

14.1 

-0.20 

15.7 

-0.21 

15.7 

- 

Ig2 

-1.05 

-0.06 

8.8 

-0.11 

8.7 

-0.12 

8.9 

- 

ICN5 

-0.70 

-0.00 

0.6 

-0.00 

0.4 

-0.00 

0.3 

- 

Ia5 

-0.29 

-0.00 

0.1 

-0.00 

0.1 

-0.00 

0.0 

- 

Ib5 

- 

- 

- 

- 

- 

- 

- 

- 

IC5 

-0.67 

-0.01 

1.2 

-0.01 

0.7 

-0.01 

0.7 

- 

Ig5 

-2.15 

-0.11 

14.6 

-0.17 

13.5 

-0.18 

13.5 

- 

Ians 

-0.07 

0.00 

0.3 

0.00 

0.2 

0.00 

0.1 

- 

Ibns 

-0.40 

0.00 

0.2 

0.00 

0.2 

0.00 

0.2 

- 

ICN8 

-0.20 

-0.00 

0.0 

-0.01 

0.5 

-0.01 

0.9 

- 

In8 

-3.12 

-0.21 

28.9 

-0.37 

29.6 

-0.40 

29.3 

Slight 

Ig8 

-7.69 

-0.08 

10.9 

-0.11 

8.4 

-0.11 

8.4 

- 

Ia9 

-0.08 

0.00 

0.1 

0.00 

0.1 

0.00 

0.0 

- 

Ib9 

-0.81 

0.00 

0.1 

0.00 

0.1 

0.00 

0.0 

- 

IC9 

-7.76 

-0.46 

62.8 

-0.85 

67.2 

-0.91 

66.5 

- 

IcNU 

-7.59 

-0.05 

6.7 

-0.05 

3.8 

-0.05 

3.5 

- 

Igu 

-6.07 

-0.06 

7.7 

-0.08 

6.7 

-0.10 

7.1 

- 

ICNIA 

-0.82 

-0.01 

1.7 

-0.01 

1.0 

-0.01 

0.9 

- 

Ig\a 

-2.01 

-0.04 

5.7 

-0.07 

5.8 

-0.08 

6.0 

- 

IcNn 

-0.85 

-0.02 

3.0 

-0.02 

1.7 

-0.02 

1.7 

- 

Igu 

-1.08 

-0.04 

5.8 

-0.09 

7.5 

-0.10 

7.7 

- 

Igi8 

-1.19 

-0.07 

10.2 

-0.17 

13.4 

-0.19 

13.8 

- 
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Table  1.35:  Power  spectrum  density  of  measured  current  waveforms  integrated  over 
four  different  frequency  ranges  as  a  percentage  of  its  power  spectrum  density  inte- 
grated over  the  bandwidth  of  the  measurement  for  stroke  2  of  flash  FPL0034. 


ID 

A/i 

A/2 

A/3 

A/4 

/. 

79.39 

7.51 

0.86 

0.47 

^Mi 

- 

- 

- 

- 

lu 

- 

- 

- 

- 

IcNl 

49.50 

47.54 

1.44 

0.22 

Igi 

86.09 

1.85 

0.06 

0.03 

ICN2 

29.41 

65.23 

1.07 

2.50 

In2 

85.80 

2.57 

0.01 

0.01 

Ig2 

85.54 

2.50 

0.21 

0.04 

IcNb 

13.65 

69.50 

9.62 

5.97 

Ia5 

6.90 

43.09 

21.86 

28.12 

Ib, 

4.29 

2.61 

17.84 

74.64 

IC5 

35.35 

60.73 

0.71 

1.77 

Ig, 

81.96 

6.69 

0.35 

0.05 

Ian% 

7.12 

32.32 

25.75 

34.23 

IbN8 

5.88 

23.54 

32.19 

37.78 

ICN8 

21.33 

3.72 

17.02 

54.93 

In8 

85.12 

3.16 

0.01 

0.01 

Ig8 

52.52 

31.54 

9.42 

0.92 

Ia9 

6.55 

11.80 

21.75 

59.12 

Ib9 

3.47 

8.75 

58.00 

29.42 

IC9 

84.08 

3.24 

0.30 

0.02 

IcNW 

25.13 

59.09 

13.00 

1.24 

Igu 

52.04 

28.73 

10.90 

1.43 

IcNU 

40.67 

52.42 

2.94 

1.43 

Igu 

73.28 

13.21 

2.18 

0.30 

ICNU 

52.97 

43.38 

0.18 

0.32 

Igi7 

82.58 

3.66 

0.33 

0.10 

Ig18 

83.92 

2.83 

0.03 

0.03 

100  Hz  < 

:  A/i  <  10  kH 

[z     ;      10  kHz 

<  Afo  <  IOC 

kHz 

100  kHz  <  A/3  <  1  MHz     ;      1  MHz  <  A/4  <  10  MHz 
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Table  1.36:  Peak  current  and  charge  transferred  at  different  points  in  the  system 
calculated  at  three  different  instants  of  time  (100 //s,  500 /is,  and  1  ms)  for  stroke  3  of 


flash  FF 

>L0034. 

ID 

Peak 

[kA] 

Charge  calculated  in  different  time  windows 

Saturation 

100 /is 

500 //s 

1] 

■ns 

IC| 

% 

[C] 

% 

[C] 

% 

h 

-18.86 

-0.70 

100.0 

-1.17 

100.0 

-1.34 

100.0 

- 

I  Ml 

<-19.09 

<-0.68 

>97.5 

<-1.14 

>97.2 

<-1.32 

>98.3 

Severe 

lu 

- 

- 

- 

- 

- 

- 

- 

- 

ICNI 

-0.17 

-0.00 

0.3 

-0.00 

0.2 

-0.00 

0.3 

- 

Igi 

-0.80 

-0.06 

8.2 

-0.10 

8.7 

-0.12 

8.9 

- 

ICN2 

-0.49 

-0.01 

0.8 

-0.01 

0.5 

-0.01 

0.4 

- 

In2 

-1.47 

-0.10 

14.2 

-0.18 

15.7 

-0.21 

15.7 

- 

Ig2 

-1.01 

-0.06 

8.7 

-0.10 

8.8 

-0.12 

8.9 

- 

IcNb 

-0.71 

-0.00 

0.6 

-0.00 

0.4 

-0.00 

0.3 

- 

Ia5 

-0.29 

-0.00 

0.1 

-0.00 

0.1 

-0.00 

0.1 

- 

Ib5 

- 

- 

- 

- 

- 

- 

- 

- 

IC5 

-0.66 

-0.01 

1.1 

-0.01 

0.7 

-0.01 

0.8 

- 

Ig5 

-2.13 

-0.10 

14.6 

-0.16 

13.5 

-0.18 

13.6 

- 

IaN8 

-0.08 

0.00 

0.3 

0.00 

0.1 

0.00 

0.0 

- 

IbN8 

-0.39 

0.00 

0.2 

0.00 

0.2 

0.00 

0.1 

- 

ICNS 

-0.17 

-0.00 

0.2 

-0.01 

0.9 

-0.02 

1.4 

- 

In8 

-3.02 

-0.20 

28.8 

-0.34 

29.3 

-0.39 

28.8 

Slight 

Ig8 

-7.74 

-0.08 

10.9 

-0.10 

8.4 

-0.11 

8.4 

- 

Ia9 

-0.10 

0.00 

0.1 

0.00 

0.1 

0.00 

0.0 

- 

Ib9 

-0.77 

0.00 

0.1 

0.00 

0.0 

0.00 

0.0 

- 

IC9 

-7.73 

-0.44 

62.6 

-0.79 

67.0 

-0.89 

66.8 

- 

Ion  11 

-7.57 

-0.05 

6.6 

-0.05 

4.0 

-0.05 

3.4 

- 

Igu 

-6.10 

-0.05 

7.6 

-0.08 

6.8 

-0.10 

7.1 

- 

ICNU 

-0.78 

-0.01 

1.7 

-0.01 

1.0 

-0.01 

0.9 

- 

Igu 

-2.01 

-0.04 

5.7 

-0.07 

5.9 

-0.08 

6.1 

- 

ICN17 

-0.82 

-0.02 

2.9 

-0.02 

1.7 

-0.02 

1.6 

- 

Igi7 

-1.06 

-0.04 

5.8 

-0.09 

7.4 

-0.10 

7.6 

- 

Ig\8 

-1.14 

-0.07 

10.2 

-0.16 

13.4 

-0.18 

13.8 

- 
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Figure  1.7:  Percentage  of  total  charge  transferred  to  ground  at  different  poles,  calcu- 
lated at  three  different  instants  of  time  (100 //s,  500 /iS,  and  1  ms  from  the  beginning 
of  the  return  stroke),  for  stroke  1  of  flash  FPL0034  (See  Table  1.32).  Lightning  strike 
point  is  between  poles  9  and  10. 
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Figure  1.8:  Percentage  of  total  charge  transferred  to  ground  at  different  poles,  calcu- 
lated at  three  different  instants  of  time  (100 /xs,  500 /is,  and  1  ms  from  the  beginning 
of  the  return  stroke),  for  stroke  2  of  flash  FPL0034  (See  Table  1.34).  Lightning  strike 
point  is  between  poles  9  and  10. 
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Table  1.37:  Power  spectrum  density  of  measured  current  waveforms  integrated  over 
four  different  frequency  ranges  as  a  percentage  of  its  power  spectrum  density  inte- 
grated over  the  bandwidth  of  the  measurement  for  stroke  3  of  flash  FPL0034. 


ID 

A/i 

A/2 

A/3                   A/4 

k 

79.24 

7.80 

0.92 

0.52 

Imi 

- 

- 

- 

- 

lu 

- 

- 

- 

- 

ICNI 

49.31 

47.73 

1.45 

0.22 

hi 

86.17 

1.95 

0.06 

0.03 

ICN2 

27.37 

66.77 

1.32 

2.96 

In2 

85.83 

2.73 

0.01 

0.02 

Ig2 

85.59 

2.62 

0.22 

0.04 

ICN5 

13.16 

67.91 

11.13 

6.54 

Ia5 

6.24 

41.01 

22.86 

29.80 

Ib, 

1.28 

2.89 

18.17 

77.49 

Ic^ 

34.86 

60.95 

0.82 

1.94 

Ig, 

81.84 

6.99 

0.39 

0.05 

IaN8 

6.82 

30.97 

26.48 

35.09 

IbN8 

5.02 

23.79 

31.84 

38.67 

IcNS 

34.60 

3.10 

13.78 

42.74 

In8 

85.10 

3.41 

0.01 

0.01 

Ig8 

51.38 

32.10 

10.18 

0.98 

Ia9 

5.33 

9.50 

21.30 

63.22 

Ib9 

3.62 

8.01 

58.68 

29.34 

Ic9 

84.00 

3.48 

0.34 

0.03 

ICNU 

24.24 

59.27 

13.77 

1.33 

Igu 

50.12 

29.84 

11.95 

1.56 

IcNU 

39.60 

52.91 

3.47 

1.58 

Igu 

72.81 

13.61 

2.45 

0.31 

IcNn 

51.83 

44.50 

0.21 

0.37 

Ig17 

82.44 

3.84 

0.38 

0.11 

Ig18 

83.98 

2.87 

0.03 

0.03 

100  Hz  <  A/i  <  10  kHz 
100  kHz  <  A/a  <  1  MHz 


10kHz<  A/2  <  100  kHz 
1  MHz  <  A/4  <  10  MHz 
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Table  1.38:  Peak  current  and  charge  transferred  at  different  points  in  the  system 
calculated  at  three  different  instants  of  time  (100 /xs,  500 /iS,  and  1  ms)  for  stroke  4  of 


flash  FP 

L0034. 

ID 

Peak 

[kA] 

Charge  calculated  in  different  time  windows 

Saturation 

100  MS 

500  IIS 

1] 

■US 

C 

% 

C 

% 

[C 

% 

h 

-18.86 

-0.59 

100.0 

-1.14 

100.0 

-1.41 

100.0 

- 

I  Mi 

<-19.03 

<-0.58 

>97.6 

<-l.ll 

>97.6 

<-1.38 

>97.6 

Severe 

lu 

- 

- 

- 

- 

- 

- 

- 

- 

ICNI 

-0.18 

-0.00 

0.3 

-0.00 

0.2 

-0.00 

0.2 

- 

Igi 

-0.68 

-0.05 

8.1 

-0.10 

8.8 

-0.13 

8.9 

- 

ICN2 

-0.41 

-0.00 

0.7 

-0.00 

0.4 

-0.00 

0.3 

- 

In2 

-1.24 

-0.08 

14.3 

-0.18 

16.1 

-0.23 

15.9 

- 

Ig2 

-1.30 

-0.05 

8.7 

-0.10 

8.8 

-0.13 

8.9 

- 

ICN5 

-0.79 

-0.00 

0.5 

-0.00 

0.3 

-0.00 

0.2 

- 

Ia5 

-0.34 

-0.00 

0.1 

-0.00 

0.1 

-0.00 

0.1 

- 

Ib5 

- 

- 

- 

- 

- 

- 

- 

- 

IC5 

-0.57 

-0.01 

1.0 

-0.01 

0.7 

-0.01 

0.7 

- 

Ig5 

-2.35 

-0.09 

14.6 

-0.16 

13.6 

-0.19 

13.6 

- 

IaN8 

-0.08 

0.00 

0.3 

0.00 

0.2 

0.00 

0.0 

- 

Ibn& 

-0.70 

0.00 

0.3 

0.00 

0.2 

0.00 

0.2 

- 

IcN8 

-0.07 

-0.00 

0.2 

-0.01 

1.1 

-0.03 

1.8 

- 

Ins 

-2.56 

-0.17 

29.1 

-0.34 

30.0 

-0.41 

29.4 

- 

Ig8 

-7.92 

-0.07 

11.0 

-0.10 

8.7 

-0.12 

8.7 

- 

Ia9 

-0.15 

0.00 

0.1 

0.00 

0.0 

-0.00 

0.0 

- 

Ib9 

-1.02 

0.00 

0.0 

0.00 

0.0 

0.00 

0.0 

SUght 

IC9 

-7.79 

-0.38 

63.9 

-0.79 

69.6 

-0.98 

69.6 

- 

IcNll 

-7.78 

-0.04 

6.1 

-0.04 

3.3 

-0.04 

2.6 

- 

Igu 

-6.47 

-0.05 

7.7 

-0.08 

6.8 

-0.10 

7.1 

- 

■few  14 

-0.87 

-0.01 

1.4 

-0.01 

0.8 

-0.01 

0.6 

- 

Igu 

-2.17 

-0.03 

5.6 

-0.07 

5.9 

-0.09 

6.0 

- 

ICNU 

-0.67 

-0.01 

2.5 

-0.01 

1.3 

-0.02 

1.1 

- 

Icn 

-1.20 

-0.03 

5.7 

-0.08 

7.4 

-0.11 

7.6 

- 

Igis 

-0.94 

-0.05 

9.1 

-0.13 

11.2 

-0.16 

11.6 

- 
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Table  1.39:  Power  spectrum  density  of  measured  current  waveforms  integrated  over 
four  different  frequency  ranges  as  a  percentage  of  its  power  spectrum  density  inte- 
grated over  the  bandwidth  of  the  measurement  for  stroke  4  of  flash  FPL0034. 


100  Hz  <  A/i  <  10  kHz 
100  kHz  <  A/3  <  IMHz 


ID 

A/i 

A/2 

A/3 

A/4 

h 

78.66 

7.18 

1.31 

0.65 

iMi 

- 

- 

- 

- 

hi 

- 

_ 

- 

- 

ICNI 

46.86 

49.20 

1.96 

0.42 

Igi 

85.69 

1.65 

0.10 

0.04 

IcN2 

22.84 

67.15 

2.78 

5.77 

In2 

85.44 

2.34 

0.02 

0.02 

Ig2 

85.00 

2.23 

0.43 

0.06 

IcNh 

10.28 

63.64 

17.24 

8.00 

Ia, 

5.55 

35.31 

28.00 

30.98 

Ib5 

2.61 

2.57 

18.65 

75.86 

let 

32.92 

60.20 

1.68 

3.41 

Ig, 

81.47 

6.22 

0.64 

0.07 

Ians 

5.72 

26.43 

31.64 

35.79 

IbN8 

4.96 

14.09 

49.29 

30.99 

ICN8 

44.48 

2.05 

11.00 

34.33 

hs 

84.74 

2.99 

0.02 

0.01 

Ig& 

48.14 

29.74 

15.02 

1.28 

Ia9 

3.32 

6.23 

25.18 

64.86 

Ib9 

1.21 

7.01 

73.64 

18.04 

IC9 

83.62 

2.97 

0.43 

0.03 

ICNU 

18.99 

57.76 

20.33 

1.79 

Igw 

47.18 

27.18 

16.95 

1.82 

Iqnu 

32.84 

56.61 

5.99 

2.53 

Igu 

72.31 

12.03 

3.66 

0.42 

IcN\7 

46.56 

49.59 

0.41 

0.69 

Igu 

82.33 

3.04 

0.56 

0.15 

Iqis 

83.13 

3.27 

0.06 

0.05 

10  kHz  <  A/2  <  100  kHz 
1  MHz  <  A/4  <  10  MHz 
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Table  1.40:  Peak  current  and  charge  transferred  at  different  points 
calculated  at  three  different  instants  of  time  (100 /is,  500 /js,  and  1ms) 


in  the  system 
for  stroke  5  of 


llash  FP 

L0034. 

ID 

Peak 

[kA] 

Charge  calculated  in  different  time  windows 

Saturation 

100 /xs 

500 /is 

1  ms 

[C 

% 

[C] 

% 

[CI 

% 

h 

-27.14 

-0.94 

100.0 

-2.27 

100.0 

-3.07 

100.0 

- 

Imi 

<-19.11 

<-0.90 

>96.6 

<-2.20 

>96.6 

<-2.95 

>96.3 

Severe 

lu 

- 

- 

- 

- 

- 

- 

- 

- 

ICNI 

-0.22 

-0.00 

0.3 

-0.00 

0.1 

-0.00 

0.2 

Shght 

Igi 

-0.97 

-0.07 

8.0 

-0.20 

8.7 

-0.27 

8.8 

- 

ICN2 

-0.68 

-0.01 

1.1 

-0.01 

0.5 

-0.01 

0.3 

- 

In2 

-1.79 

-0.13 

13.5 

-0.36 

16.0 

-0.49 

16.1 

- 

Ig2 

-1.62 

-0.08 

8.6 

-0.20 

8.8 

-0.27 

8.8 

Shght 

ICN5 

-1.10 

-0.01 

0.7 

-0.01 

0.3 

-0.01 

0.2 

- 

Ia5 

-0.44 

-0.00 

0.1 

-0.00 

0.1 

-0.00 

0.0 

- 

Ib5 

- 

- 

- 

- 

- 

- 

- 

- 

IC5 

-0.85 

-0.01 

1.4 

-0.01 

0.6 

-0.02 

0.5 

- 

Ig5 

-3.26 

-0.14 

14.6 

-0.31 

13.7 

-0.42 

13.6 

Shght 

IaN8 

-0.08 

0.00 

0.4 

0.00 

0.2 

0.00 

0.1 

- 

IbN8 

-1.42 

0.00 

0.3 

0.00 

0.2 

0.00 

0.1 

- 

ICN8 

-0.12 

-0.00 

0.1 

-0.01 

0.6 

-0.03 

0.9 

- 

Ins 

-3.52 

-0.26 

27.9 

-0.68 

30.0 

-0.79 

25.7 

Shght 

Ig8 

-10.89 

-0.11 

11.3 

-0.20 

8.7 

-0.26 

8.4 

Shght 

Ia9 

-0.21 

0.00 

0.1 

0.00 

0.0 

0.00 

0.0 

- 

Ib9 

<-1.50 

<0.00 

>0.1 

<0.00 

>0.0 

<0.00 

>0.0 

Severe 

IC9 

-10.76 

-0.58 

62.2 

-1.59 

69.9 

-2.17 

70.9 

Shght 

IcNU 

<-10.64 

<-0.06 

>6.9 

<-0.06 

>2.8 

<-0.06 

>2.1 

Severe 

Igu 

-8.77 

-0.07 

7.8 

-0.15 

6.6 

-0.20 

6.7 

- 

IcNU 

-1.13 

-0.02 

1.8 

-0.02 

0.8 

-0.02 

0.6 

- 

Igi4 

-3.09 

-0.05 

5.7 

-0.13 

5.8 

-0.18 

5.9 

- 

ICNII 

-1.01 

-0.03 

3.4 

-0.03 

1.4 

-0.03 

1.0 

- 

Ig17 

-1.58 

-0.05 

5.7 

-0.17 

7.3 

-0.23 

7.6 

- 

Igi8 

-1.27 

-0.08 

8.6 

-0.24 

10.6 

-0.34 

11.2 

- 
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Figure  1.9:  Percentage  of  total  charge  transferred  to  ground  at  different  poles,  calcu- 
lated at  three  different  instants  of  time  (lOO^s,  500 /iS,  and  1ms  from  the  beginning 
of  the  return  stroke),  for  stroke  3  of  flash  FPL0034  (See  Table  1.36).  Lightning  strike 
point  is  between  poles  9  and  10. 
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Figure  1. 10:  Percentage  of  total  charge  transferred  to  ground  at  different  poles,  calcu- 
lated at  three  different  instants  of  time  (100 /^s,  500 /xs,  and  1  ms  from  the  beginning 
of  the  return  stroke),  for  stroke  4  of  flash  FPL0034  (See  Table  1.38).  Lightning  strike 
point  is  between  poles  9  and  10. 
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Figure  I.ll:  Percentage  of  total  charge  transferred  to  ground  at  different  poles,  calcu- 
lated at  three  different  instants  of  time  (100 /is,  500  ^s,  and  1  ms  from  the  beginning 
of  the  return  stroke),  for  stroke  5  of  flash  FPL0034  (See  Table  1.40).  Lightning  strike 
point  is  between  poles  9  and  10. 
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Table  1.41:  Power  spectrum  density  of  measured  current  waveforms  integrated  over 
four  different  frequency  ranges  as  a  percentage  of  its  power  spectrum  density  inte- 
grated over  the  bandwidth  of  the  measurement  for  stroke  5  of  flash  FPL0034. 


ID 

A/i 

A/2 

A/3 

A/4 

u 

81.06 

4.27 

0.81 

0.19 

Imi 

- 

- 

- 

- 

lu 

- 

- 

- 

- 

ICNI 

58.64 

37.18 

1.57 

0.33 

Igi 

85.23 

0.91 

0.05 

0.01 

ICN2 

34.87 

61.15 

0.66 

1.25 

In2 

85.30 

1.14 

0.01 

0.01 

Ig2 

84.86 

1.27 

0.22 

0.02 

ICN5 

15.33 

72.78 

8.01 

2.78 

Ia5 

10.70 

54.98 

20.82 

13.40 

Ib, 

1.52 

2.60 

18.69 

77.03 

Ic, 

41.46 

54.91 

0.54 

0.93 

Ig6 

83.07 

3.37 

0.37 

0.02 

IaN8 

10.01 

41.01 

28.22 

19.80 

Ibn8 

5.08 

22.40 

59.15 

12.78 

Ions, 

49.69 

2.56 

9.40 

29.63 

Ins 

85.04 

1.46 

0.01 

0.01 

Ig8 

58.80 

20.97 

11.27 

0.49 

Ia9 

6.88 

8.96 

28.32 

54.85 

Ib9 

- 

- 

- 

- 

Ic9 

84.12 

1.38 

0.26 

0.01 

^CNU 

- 

- 

- 

- 

Igw 

55.39 

21.89 

13.05 

0.61 

ICNU 

47.21 

45.53 

3.40 

0.88 

Igu 

76.72 

7.72 

2.16 

0.15 

ICN\7 

61.87 

33.96 

0.12 

0.17 

Ig\7 

82.99 

1.95 

0.27 

0.05 

Ig18 

83.32 

2.20 

0.03 

0.02 

100  Hz  < 

A/i  <  10  kH 

z     :      10  kHz 

<  A/o  <  100 

kHz 

100  kHz  <  A/3  <  1  MHz     ;      1  MHz  <  A/4  <  10  MHz 
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Table  1.42:  Peak  current  and  charge  transferred  at  different  points  in  the  system 
calculated  at  three  different  instants  of  time  (100 /is,  500 /is,  and  1  ms)  for  stroke  1  of 
flash  FPL0036. 


ID 

Peak 

[kA] 

Charge  calculated  in  different  time  windows 

Saturation 

100  MS 

500 /xs 

1ms 

[C 

% 

C 

% 

[C] 

% 

I^ 

-26.72 

-1.39 

100.0 

-3.34 

100.0 

-3.71 

100.0 

- 

I  Mi 

<-19.11 

<-1.34 

>95.8 

<-3.21 

>96.1 

<-3.56 

>96.1 

Severe 

lu 

- 

- 

- 

- 

- 

- 

- 

- 

ICNI 

-0.23 

-0.01 

0.7 

-0.05 

1.4 

-0.08 

2.3 

Slight 

Igi 

-1.48 

-0.09 

6.3 

-0.20 

6.0 

-0.24 

6.4 

- 

ICN2 

-1.47 

-0.11 

7.9 

-0.24 

7.2 

-0.24 

6.4 

- 

In2 

-1.80 

-0.12 

8.5 

-0.65 

19.3 

-0.81 

21.9 

- 

Ig2 

-1.73 

-0.10 

7.2 

-0.21 

6.2 

-0.24 

6.5 

Shght 

ICN5 

-1.67 

-0.09 

6.8 

-0.22 

6.6 

-0.23 

6.1 

- 

Ia5 

-0.45 

-0.00 

0.2 

-0.00 

0.1 

-0.00 

0.1 

- 

Ib5 

-0.38 

-0.00 

0.1 

-0.00 

0.1 

-0.00 

0.1 

- 

IC5 

-1.63 

-0.12 

8.9 

-0.31 

9.2 

-0.35 

9.5 

- 

Ig5 

-3.14 

-0.18 

12.7 

-0.33 

10.0 

-0.37 

9.9 

- 

IaN8 

-0.08 

0.00 

0.2 

0.00 

0.1 

0.00 

0.1 

- 

IbN8 

-1.54 

0.00 

0.1 

0.00 

0.1 

0.00 

0.0 

- 

IcN% 

- 

- 

- 

- 

- 

- 

- 

- 

In8 

-2.83 

-0.21 

15.2 

-0.80 

23.9 

-0.99 

26.7 

Slight 

Ig& 

-10.60 

-0.14 

9.9 

-0.23 

6.8 

-0.24 

6.4 

SUght 

Ia9 

-0.25 

-0.00 

0.1 

-0.00 

0.0 

-0.00 

0.0 

- 

Ib9 

<-1.50 

<-0.00 

>0.1 

<-0.00 

>0.1 

<-0.00 

>0.1 

Severe 

IC9 

-10.65 

-0.55 

39.2 

-1.33 

39.7 

-1.44 

39.0 

Slight 

ICNW 

-10.11 

-0.33 

23.9 

-0.81 

24.3 

-0.91 

24.4 

Shght 

law 

-8.39 

-0.11 

8.0 

-0.18 

5.5 

-0.19 

5.2 

- 

IcN\4 

-1.12 

-0.07 

4.9 

-0.17 

4.9 

-0.18 

4.8 

- 

Ig14 

-2.75 

-0.09 

6.1 

-0.16 

4.9 

-0.17 

4.7 

- 

ICNU 

-1.56 

-0.11 

7.5 

-0.20 

5.9 

-0.21 

5.7 

- 

Icn 

-1.45 

-0.09 

6.4 

-0.21 

6.3 

-0.22 

6.1 

- 

Igi8 

-2.09 

-0.15 

11.0 

-0.37 

11.1 

-0.39 

10.6 

Shght 
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Table  1.43:  Power  spectrum  density  of  measured  current  waveforms  integrated  over 
four  different  frequency  ranges  as  a  percentage  of  its  power  spectrum  density  inte- 
grated over  the  bandwidth  of  the  measurement  for  stroke  1  of  flash  FPL0036. 


ID 

A/i 

A/2 

A/3 

A/4 

h 

82.30 

3.62 

0.28 

0.09 

h^i 

- 

- 

- 

- 

lu 

- 

- 

- 

- 

IcNl 

83.76 

0.36 

0.05 

0.01 

Igi 

82.92 

4.38 

0.05 

0.01 

ICN2 

85.26 

1.62 

0.01 

0.02 

In2 

84.32 

0.26 

0.01 

0.00 

Ig2 

82.24 

5.50 

0.20 

0.02 

JcN5 

81.76 

4.68 

0.11 

0.04 

Ia, 

12.17 

64.36 

11.49 

11.00 

Ibs 

7.19 

57.29 

15.93 

18.95 

IC5 

85.05 

1.42 

0.01 

0.01 

Ian 

81.64 

6.15 

0.25 

0.02 

IaN8 

8.26 

33.01 

32.71 

24.98 

IbN8 

3.54 

5.21 

77.39 

13.28 

ICN8 

- 

- 

- 

- 

l^NS 

83.93 

1.05 

0.01 

0.00 

Ig8 

60.22 

23.97 

6.51 

0.40 

Ia9 

4.76 

25.39 

25.52 

43.72 

Ib9 

- 

- 

- 

- 

IC9 

82.47 

3.45 

0.31 

0.01 

IcNU 

79.96 

5.55 

0.88 

0.05 

Ian 

59.50 

24.29 

6.87 

0.42 

IcNlA 

83.37 

2.70 

0.19 

0.07 

Igia 

78.63 

8.10 

0.95 

0.08 

IcN17 

84.85 

3.23 

0.02 

0.03 

Ion 

84.77 

1.72 

0.14 

0.02 

Ig18 

85.35 

1.50 

0.01 

0.01 

100  Hz  < 

A/i  <  10  kH 

z     ;      10  kHz 

<  A/o  <  100 

kHz 

100  kHz  <  A/3  <  1  MHz     ;      1  MHz  <  A/4  <  10  MHz 
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Table  1.44:  Peak  current  and  charge  transferred  at  different  points  in  the  system 
calculated  at  three  different  instants  of  time  (100 /is,  500 //s,  and  1  ms)  for  stroke  2  of 
flash  FPL0036. 


ID 

Peak 

[kA] 

Charge  calculated  in  different  time  windows 

Saturation 

100 /iS 

500 /is 

1ms 

(C 

% 

[C] 

% 

[C 

% 

h 

-27.14 

-1.19 

100.0 

-3.27 

100.0 

-3.95 

100.0 

- 

lu 

- 

- 

- 

- 

- 

- 

- 

- 

ICNI 

-0.25 

-0.01 

0.8 

-0.05 

1.5 

-0.09 

2.2 

Slight 

Igi 

-1.40 

-0.08 

6.6 

-0.19 

5.9 

-0.24 

6.2 

- 

ICN2 

-1.38 

-0.09 

7.5 

-0.09 

2.9 

-0.09 

2.2 

- 

In2 

-1.55 

-0.10 

8.6 

-0.59 

18.0 

-0.86 

21.8 

- 

Ig2 

-1.93 

-0.09 

7.4 

-0.20 

6.1 

-0.25 

6.2 

Shght 

ICN5 

-1.65 

-0.09 

7.2 

-0.25 

7.5 

-0.28 

7.0 

- 

Ia5 

-0.47 

-0.00 

0.2 

-0.00 

0.1 

-0.00 

0.1 

- 

IC5 

-1.54 

-0.11 

9.1 

-0.32 

9.8 

-0.38 

9.7 

- 

Ig5 

-3.41 

-0.15 

12.6 

-0.33 

10.0 

-0.38 

9.6 

Shght 

IbN8 

-2.03 

0.00 

0.1 

0.00 

0.0 

-0.00 

0.0 

Shght 

IcN8 

- 

- 

- 

- 

- 

- 

- 

- 

In8 

-2.64 

-0.18 

14.8 

-0.64 

19.6 

-0.63 

15.9 

- 

Ig8 

-11.26 

-0.12 

10.4 

-0.27 

8.1 

-0.30 

7.5 

Shght 

Ia9 

-0.26 

-0.00 

0.1 

-0.00 

0.0 

-0.00 

0.0 

- 

Ib9 

<-1.50 

<-0.00 

>0.2 

<-0.00 

>0.1 

<-0.00 

>0.1 

Severe 

IC9 

-10.83 

-0.46 

38.8 

-1.28 

39.3 

-1.52 

38.4 

Shght 

IcNll 

-10.34 

-0.27 

22.9 

-0.73 

22.4 

-0.89 

22.4 

Shght 

^Gll 

-8.97 

-0.09 

7.6 

-0.18 

5.6 

-0.20 

5.1 

- 

IcNU 

-1.17 

-0.06 

5.3 

-0.19 

5.8 

-0.23 

5.8 

- 

Ig14 

-3.10 

-0.07 

6.0 

-0.16 

4.9 

-0.18 

4.6 

- 

IcNn 

-1.48 

-0.09 

7.3 

-0.10 

2.9 

-0.09 

2.3 

- 

Igiy 

-1.62 

-0.08 

6.5 

-0.21 

6.3 

-0.23 

5.9 

- 

Igi8          -1.95 

-0.13 

11.1 

-0.35 

10.8 

-0.40 

10.0 

Shght 
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Table  1.45:  Power  spectrum  density  of  measured  current  waveforms  integrated  over 
four  different  frequency  ranges  as  a  percentage  of  its  power  spectrum  density  inte- 
grated over  the  bandwidth  of  the  measurement  for  stroke  2  of  flash  FPL0036. 


100  Hz  <  A/i  <  10  kH 
100  kHz  <  A/3  <  1  MHz 


ID 

A/i 

A/2 

A/3 

A/4 

/, 

82.08 

4.07 

0.36 

0.11 

lu 

- 

- 

- 

- 

ICN\ 

83.76 

0.34 

0.05 

0.01 

loi 

82.93 

4.90 

0.06 

0.02 

ICN2 

86.98 

4.21 

0.03 

0.05 

In2 

84.09 

0.30 

0.01 

0.00 

Ig2 

82.20 

6.21 

0.25 

0.03 

ICN5 

82.16 

4.32 

0.12 

0.04 

Ia5 

10.85 

61.50 

14.45 

12.36 

IC5 

84.66 

1.77 

0.01 

0.02 

Ig5 

81.29 

7.26 

0.36 

0.02 

IbN8 

2.01 

3.86 

83.62 

10.21 

ICN% 

- 

- 

- 

- 

In8 

84.13 

1.79 

0.01 

0.01 

Ig8 

63.28 

19.77 

7.55 

0.39 

Ia9 

3.47 

18.58 

29.83 

47.71 

Ib9 

- 

- 

- 

- 

IC9 

82.26 

3.95 

0.40 

0.02 

IcNU 

79.24 

6.59 

1.27 

0.06 

I  Gil 

58.27 

24.34 

9.21 

0.50 

ICNU 

83.53 

2.24 

0.18 

0.07 

Igu 

77.96 

9.11 

1.43 

0.10 

IcNn 

85.39 

5.89 

0.03 

0.04 

Igu 

84.42 

2.21 

0.21 

0.03 

Igi8 

85.09 

2.07 

0.02 

0.01 

10  kHz  <  A/2  <  100  kHz 
lMHz<  A/4  <  10  MHz 
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Table  1.46:  Peak  current  and  charge  transferred  at  different  points  in  the  system 
calculated  at  three  different  instants  of  time  (100/iS,  500 /iS,  and  1  ms)  for  stroke  3  of 


flash  FPL0036. 

ID 

Peak 

[kA] 

Charge  calculated  in  different  time  windows 

Saturation 

100 /iS 

500  Ais 

li 

•ns 

[C] 

% 

[C] 

% 

C 

% 

/, 

-24.50 

-1.17 

100.0 

-2.36 

100.0 

-2.64 

100.0 

Slight 

lu 

- 

- 

- 

- 

- 

- 

- 

- 

IcNl 

-0.22 

-0.01 

0.9 

-0.05 

1.9 

-0.07 

2.5 

Slight 

Igi 

-1.44 

-0.08 

6.8 

-0.15 

6.4 

-0.18 

6.7 

- 

ICN2 

-1.36 

-0.07 

6.2 

-0.06 

2.7 

-0.06 

2.2 

- 

In2 

-1.26 

-0.10 

8.4 

-0.38 

16.0 

-0.36 

13.6 

- 

Ig2 

-1.64 

-0.09 

7.6 

-0.15 

6.5 

-0.18 

6.8 

Shght 

ICN5 

-1.61 

-0.09 

7.5 

-0.18 

7.8 

-0.19 

7.0 

- 

Ia5 

-0.41 

-0.00 

0.1 

-0.00 

0.1 

-0.00 

0.1 

- 

IC5 

-1.52 

-0.11 

9.1 

-0.24 

10.1 

-0.28 

10.7 

- 

Ig5 

-2.96 

-0.15 

12.8 

-0.24 

10.3 

-0.27 

10.3 

- 

Ibns 

-1.42 

0.00 

0.1 

0.00 

0.0 

-0.00 

0.0 

- 

ICNS 

- 

- 

- 

- 

- 

- 

- 

- 

In8 

-2.58 

-0.17 

14.3 

-0.33 

14.1 

-0.31 

11.9 

- 

Ig% 

-9.98 

-0.11 

9.4 

-0.16 

6.8 

-0.18 

6.7 

Slight 

Ia9 

-0.25 

-0.00 

0.1 

-0.00 

0.0 

-0.00 

0.0 

- 

Ib9 

<-1.50 

<-0.00 

>0.1 

<-0.00 

>0.0 

<-0.00 

>0.1 

Severe 

IC9 

-9.88 

-0.46 

39.0 

-0.92 

38.8 

-0.99 

37.5 

- 

IcNU 

-9.45 

-0.26 

22.4 

-0.50 

21,3 

-0.55 

20.7 

Slight 

Igii 

-7.77 

-0.09 

7.6 

-0.13 

5.6 

-0.14 

5.4 

- 

ICN14 

-1.08 

-0.07 

5.7 

-0.15 

6.4 

-0.16 

6.1 

- 

Ig\a 

-2.64 

-0.07 

6.0 

-0.12 

4.9 

-0.13 

4.8 

- 

IcNll 

-1.46 

-0.06 

5.0 

-0.05 

2.2 

-0.05 

1.9 

- 

Ig17 

-1.42 

-0.08 

6.6 

-0.15 

6.4 

-0.16 

6.2 

- 

Igi8 

-1.94 

-0.13 

11.2 

-0.26 

10.9 

-0.27 

10.4 

- 
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Table  1.47:  Power  spectrum  density  of  measured  current  waveforms  integrated  over 
four  different  frequency  ranges  as  a  percentage  of  its  power  spectrum  density  inte- 
grated over  the  bandwidth  of  the  measurement  for  stroke  3  of  flash  FPL0036. 


ID 

A/i 

A/2 

A/3 

A/4 

/, 

81.38 

5.58 

0.46 

0.16 

lu 

- 

- 

- 

- 

IcNl 

83.87 

0.46 

0.06 

0.01 

hi 

82.86 

6.04 

0.08 

0.02 

ICN2 

84.02 

9.30 

0.03 

0.05 

In2 

84.71 

0.69 

0.01 

0.01 

Ig2 

82.16 

7.31 

0.24 

0.02 

ICN5 

82.07 

5.19 

0.13 

0.05 

Ia, 

9.75 

60.66 

14.08 

14.83 

Ic, 

84.93 

2.15 

0.01 

0.02 

Ig5 

81.11 

8.35 

0.33 

0.03 

IbN8 

2.11 

4.78 

76.01 

16.77 

IcN8 

- 

- 

- 

- 

In8 

83.86 

3.44 

0.02 

0.01 

Ig8 

55.27 

29.23 

8.44 

0.58 

Ia9 

3.73 

17.04 

27.02 

51.73 

Ib% 

- 

- 

- 

- 

IC9 

81.70 

5.43 

0.47 

0.02 

hwu 

77.02 

9.89 

1.58 

0.10 

Iqu 

55.68 

29.05 

7.91 

0.63 

IcNU 

83.76 

2.58 

0.20 

0.08 

Igia 

76.88 

11.09 

1.37 

0.12 

IcNn 

76.24 

18.98 

0.03 

0.07 

Ig\7 

84.74 

2.67 

0.20 

0.04 

Igi8 

85.55 

2.45 

0.02 

0.01 

100  Hz  < 

:  A/i  <  10  kH 

[z     ;      10  kHz 

<  A/2  <  IOC 

kHz 

100  kHz  <  A/3  <  1  MHz     ;      1  MHz  <  A/4  <  10  MHz 
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Table  1.48:  Peak  current  and  charge  transferred  at 
calculated  at  three  different  instants  of  time  (100 //s, 
flash  FPL0036. 


different  points  in  the  system 
500  //s,  and  1  ms)  for  stroke  4  of 


ID 

Peak 
[kA] 

Charge  calculated  in  different  time  windows 

Saturation 

100 /xs 

500 /is 

1ms 

C 

% 

[C] 

% 

[C] 

% 

/. 

-7.29 

-0.24 

100.0 

-0.40 

100.0 

-0.42 

100.0 

_ 

I  Mi 

-7.24 

-0.23 

100.0 

-0.38 

100.0 

-0.40 

100.0 

- 

lu 

- 

- 

- 

- 

- 

- 

- 

IcNl 

-0.13 

-0.01 

3.8 

-0.03 

9.1 

-0.04 

10.5 

- 

Igi 

-0.31 

-0.02 

8.0 

-0.03 

8.9 

-0.04 

9.0 

- 

ICN2 

-0.25 

-0.01 

4.6 

-0.01 

2.9 

-0.01 

2.5 

- 

In2 

-0.22 

-0.01 

6.2 

-0.01 

2.8 

0.00 

0.2 

- 

Ig2 

-0.36 

-0.02 

8.7 

-0.03 

9.0 

-0.04 

9.2 

- 

IcN5 

-0.38 

-0.01 

5.0 

-0.01 

3.0 

-0.01 

2.1 

Ia5 

-0.10 

0.00 

0.0 

0.00 

0.0 

0.00 

0.1 

- 

Ib5 

-0.03 

-0.00 

0.1 

-0.00 

0.0 

-0.00 

0.0 

- 

IC5 

-0.37 

-0.02 

8.7 

-0.05 

13.0 

-0.06 

15.1 

Ig5 

-0.70 

-0.03 

13.4 

-0.05 

13.3 

-0.05 

13.4 

- 

Ian& 

-0.08 

-0.00 

0.2 

0.00 

0.0 

0.00 

0.0 

- 

IbN8 

-0.08 

-0.00 

0.0 

-0.00 

0.0 

-0.00 

0.1 

- 

ICNS 

- 

- 

- 

- 

- 

- 

- 

- 

Ins 

-0.57 

-0.03 

15.2 

-0.05 

13.2 

-0.04 

10.0 

- 

Ig8 

-2.85 

-0.02 

9.8 

-0.03 

9.1 

-0.04 

9.3 

- 

Ia9 

-0.06 

0.00 

0.0 

0.00 

0.1 

0.00 

0.0 

- 

Ib9 

-0.04 

0.00 

0.1 

0.00 

0.1 

-0.00 

0.1 

- 

IC9 

-2.85 

-0.08 

36.2 

-0.13 

33.5 

-0.12 

30.3 

- 

ICN 11 

-2.84 

-0.05 

22.9 

-0.07 

19.6 

-0.06 

15.4 

- 

Igw 

-1.94 

-0.02 

7.5 

-0.02 

6.4 

-0.03 

6.4 

- 

icNU 

-0.36 

-0.01 

4.4 

-0.01 

2.9 

-0.01 

2.1 

- 

Ig14 

-0.69 

-0.01 

5.8 

-0.02 

5.8 

-0.02 

6.0 

- 

IcNll 

-0.27 

-0.01 

5.2 

-0.01 

3.6 

-0.01 

3.2 

- 

Icn 

-0.42 

-0.01 

6.5 

-0.03 

7.6 

-0.03 

7.8 

- 

Igi8 

-0.46 

-0.03 

11.7 

-0.05 

14.0 

-0.06 

14.4 

- 
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Table  1.49:  Power  spectrum  density  of  measured  current  waveforms  integrated  over 
four  different  frequency  ranges  as  a  percentage  of  its  power  spectrum  density  inte- 
grated over  the  bandwidth  of  the  measurement  for  stroke  4  of  flash  FPL0036. 


ID 

A/i 

A/2 

A/3 

A/4 

/, 

74.02 

8.75 

2.01 

4.12 

hdi 

76.72 

9.27 

1.48 

0.73 

lu 

- 

- 

- 

- 

IcNl 

83.97 

0.71 

0.06 

0.01 

Igi 

83.08 

4.38 

0.15 

0.29 

IcN2 

74.96 

14.70 

0.80 

2.31 

In2 

84.88 

2.62 

0.29 

0.75 

Ig2 

81.54 

6.18 

0.30 

0.34 

ICN5 

70.77 

16.86 

1.91 

2.66 

Ia5 

0.84 

3.96 

27.05 

68.08 

Ib5 

3.09 

3.22 

18.21 

75.17 

IC5 

81.31 

4.94 

0.22 

0.50 

Ig5 

78.22 

9.28 

0.62 

0.61 

Ians 

3.28 

2.86 

20.29 

73.32 

^BN8 

0.41 

2.68 

23.67 

73.20 

IcN8 

- 

- 

- 

- 

In8 

83.44 

4.07 

0.17 

0.34 

Ig8 

38.09 

31.55 

15.98 

8.86 

Ia9 

1.62 

1.97 

19.42 

76.69 

Ib% 

2.74 

2.25 

17.77 

76.69 

IC9 

76.32 

10.12 

1.75 

0.81 

ICNW 

71.08 

11.46 

4.26 

2.25 

Igu 

37.90 

29.23 

14.60 

13.03 

ICNU 

74.54 

9.00 

2.66 

4.26 

Igu 

67.40 

16.63 

3.13 

2.81 

ICN\7 

77.10 

11.47 

0.83 

2.13 

^G17 

82.59 

3.62 

0.44 

0.68 

Igu 

84.11 

2.99 

0.10 

0.21 

100  Hz  < 

;  A/i  <  10  kH 

[z     ;      10  kHz 

<  Afo  <  IOC 

kHz 

100  kHz  <  A/3  <  1  MHz     ;      1  MHz  <  A/4  <  10  MHz 
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Table  1.50:  Peak  current  and  charge  transferred  at  different  points  in  the  system 
calculated  at  three  different  instants  of  time  (100 /iS,  500 //s,  and  1  ms)  for  stroke  5  of 


flash  FP 

L0036. 

ID 

Peak 

[kA] 

Charge  calculated  in  different  time  windows 

Saturation 

100 /iS 

500 /xs 

lins 

[C] 

% 

C 

% 

C 

% 

/. 

-8.64 

-0.29 

100.0 

-0.49 

100.0 

-0.53 

100.0 

- 

I  Mi 

-8.42 

-0.27 

100.0 

-0.47 

100.0 

-0.50 

100.0 

- 

hi 

- 

- 

- 

- 

- 

- 

- 

- 

ICNI 

-0.14 

-0.01 

3.2 

-0.04 

7.8 

-0.04 

8.6 

- 

Igx 

-0.38 

-0.02 

8.2 

-0.04 

8.8 

-0.04 

8.8 

- 

ICN2 

-0.33 

-0.01 

5.4 

-0.02 

3.5 

-0.02 

3.1 

- 

In2 

-0.28 

-0.02 

6.7 

-0.02 

4.2 

-0.01 

1.9 

- 

Ig2 

-0.43 

-0.02 

8.9 

-0.04 

9.0 

-0.05 

9.2 

- 

IcNt 

-0.49 

-0.02 

5.8 

-0.02 

3.7 

-0.02 

3.0 

- 

Ia5 

-0.13 

-0.00 

0.0 

-0.00 

0.0 

-0.00 

0.1 

- 

Ib5 

-0.05 

0.00 

0.0 

0.00 

0.1 

0.00 

0.2 

- 

IC5 

-0.44 

-0.02 

8.8 

-0.06 

12.4 

-0.07 

14.1 

- 

Ig5 

-0.87 

-0.04 

13.8 

-0.06 

13.4 

-0.07 

13.3 

- 

^ANS 

-0.08 

0.00 

0.0 

0.00 

0.1 

0.00 

0.1 

- 

Ibns 

-0.08 

0.00 

0.1 

-0.00 

0.0 

-0.00 

0.1 

- 

ICNS 

- 

- 

- 

- 

- 

- 

- 

- 

Ins 

-0.69 

-0.04 

15.6 

-0.07 

14.0 

-0.06 

11.3 

- 

Ig& 

-3.52 

-0.03 

9.9 

-0.04 

8.8 

-0.05 

9.0 

- 

Ia9 

-0.09 

0.00 

0.0 

0.00 

0.0 

0.00 

0.1 

- 

Ib9 

-0.04 

-0.00 

0.0 

-0.00 

0.1 

-0.00 

0.1 

- 

^C9 

-3.54 

-0.10 

37.7 

-0.16 

35.0 

-0.16 

31.5 

- 

IcNU 

-3.51 

-0.06 

23.1 

-0.09 

20.3 

-0.08 

16.7 

- 

Igu 

-2.48 

-0.02 

7.7 

-0.03 

6.7 

-0.03 

6.7 

- 

ICN 14 

-0.45 

-0.01 

4.9 

-0.02 

3.5 

-0.01 

2.9 

- 

Igi4 

-0.82 

-0.02 

6.0 

-0.03 

6.0 

-0.03 

6.1 

- 

IcN\l 

-0.34 

-0.02 

5.9 

-0.02 

4.2 

-0.02 

3.9 

- 

Igm 

-0.48 

-0.02 

6.6 

-0.04 

7.6 

-0.04 

7.7 

- 

Igis 

-0.54 

-0.03 

11.9 

-0.06 

13.7 

-0.07 

13.6 

- 
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Figure  1.12:  Percentage  of  total  charge  transferred  to  ground  at  different  poles,  calcu- 
lated at  three  different  instants  of  time  (100 //s,  500 /is,  and  1  ms  from  the  beginning 
of  the  return  stroke),  for  stroke  2  of  flash  FPL0036  (See  Table  1.44).  Lightning  strike 
point  is  between  poles  9  and  10.  . 


1ms 
500/28 
100 /is 


14  11 

Pole  Number 


Figure  1.13:  Percentage  of  total  charge  transferred  to  ground  at  different  poles,  calcu- 
lated at  three  different  instants  of  time  (100 //s,  500 //s,  and  1  ms  from  the  beginning 
of  the  return  stroke),  for  stroke  3  of  flash  FPL0036  (See  Table  1.46).  Lightning  strike 
point  is  between  poles  9  and  10. 
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Figure  1.14:  Percentage  of  total  charge  transferred  to  ground  at  different  poles,  calcu- 
lated at  three  different  instants  of  time  (100 /is,  500  ^s,  and  1  ms  from  the  beginning 
of  the  return  stroke),  for  stroke  5  of  flash  FPL0036  (See  Table  1.50).  Lightning  strike 
point  is  between  poles  9  and  10. 
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Table  1.51:  Power  spectrum  density  of  measured  current  waveforms  integrated  over 
four  different  frequency  ranges  as  a  percentage  of  its  power  spectrum  density  inte- 
grated over  the  bandwidth  of  the  measurement  for  stroke  5  of  flash  FPL0036. 


ID 

A/i 

A/2 

A/3 

A/4 

h 

75.63 

8.36 

1.72 

2.97 

iMi 

77.30 

9.28 

1.35 

0.49 

lu 

- 

- 

- 

- 

ICNI 

83.96 

0.68 

0.05 

0.01 

Igi 

83.32 

4.48 

0.14 

0.19 

ICN2 

78.58 

11.75 

0.50 

1.27 

In2 

84.99 

2.76 

0.20 

0.48 

Ig2 

82.12 

5.90 

0.26 

0.24 

IcNh 

74.92 

13.57 

1.45 

1.48 

Ia5 

0.94 

5.13 

30.11 

63.78 

Ib, 

3.38 

3.21 

19.14 

73.75 

IC5 

81.88 

4.97 

0.16 

0.33 

Ig5 

78.71 

9.13 

0.59 

0.39 

!aN8 

1.32 

3.37 

22.33 

72.81 

IbN8 

1.48 

2.63 

24.93 

70.80 

ICN8 

- 

- 

- 

- 

In8 

83.36 

4.24 

0.13 

0.22 

Ig8 

39.73 

31.71 

16.71 

6.23 

Ia9 

0.53 

2.55 

18.75 

78.04 

Ib9 

1.36 

2.58 

18.59 

77.19 

IC9 

77.30 

9.58 

1.57 

0.52 

I  GNU 

71.42 

11.71 

4.24 

1.62 

Igu 

41.56 

29.68 

14.25 

8.75 

ICNU 

77.83 

7.35 

2.04 

2.38 

Igu 

69.86 

15.29 

2.76 

1.82 

ICN\7 

79.18 

10.06 

0.46 

1.14 

Igu 

82.82 

3.64 

0.41 

0.47 

Ig\8 

84.37 

3.04 

0.07 

0.14 

100Hz<  A/i  <  10  kHz 
100  kHz  <  A/3  <  1  MHz 


10  kHz  <  A/2  <  100  kHz 
1  MHz  <  A/4  <  10  MHz 
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Table  1.52:  Peak  current  and  charge  transferred  at  different  points  in  the  system 
calculated  at  three  different  instants  of  time  (100 /is,  500 /is,  and  1ms)  for  stroke  1  of 
flash  FPLQ037. 


ID 

Peak 

[kA] 

Charge  calculated  in  different  time  windows 

Saturation 

100  MS 

500  MS 

1  ms 

C] 

% 

C 

% 

C 

% 

h 

-47.43 

-1.97 

100.0 

-4.59 

100.0 

-11.07 

100.0 

Slight 

I  Mi 

<-19.11 

<-1.62 

>82.2 

<-4.18 

>91.0 

<-10.60 

>95.8 

Severe 

lu 

<-3.96 

<-0.37 

>18.6 

<-1.83 

>39.8 

<-3.73 

>33.7 

Severe 

IcN\ 

-0.18 

-0.00 

0.3 

-0.01 

0.1 

-0.01 

0.1 

- 

Igi 

- 

- 

- 

- 

- 

- 

- 

- 

IcN2 

-1.41 

-0.04 

2.0 

-0.04 

0.9 

-0.04 

0.4 

- 

In2 

<-2.80 

<-0.20 

>10.4 

<-0.69 

>15.0 

<-0.89 

>8.0 

Severe 

Ig2 

<-2.26 

<-0.17 

>8.6 

<-0.41 

>8.9 

<-1.01 

>9.1 

Severe 

IcNo 

-1.99 

-0.02 

1.1 

-0.02 

0.5 

-0.02 

0.2 

- 

Ia5 

-0.81 

-0.01 

0.3 

-0.01 

0.1 

-0.00 

0.0 

- 

Ib5 

-0.63 

-0.02 

1.1 

-0.02 

0.5 

-0.02 

0.2 

- 

IC5 

-0.29 

-0.00 

0.0 

-0.00 

0.0 

-0.00 

0.0 

- 

Ig5 

<-4.49 

<-0.28 

>14.4 

<-0.63 

>13.7 

<-1.55 

>14.0 

Severe 

IaN8 

-0.09 

0.02 

1.0 

0.02 

0.5 

0.03 

0.2 

- 

Ibns 

<-3.00 

<-0.00 

>0.2 

<-0.00 

>0.1 

<0.00 

>0.0 

Severe 

ICNS 

-0.36 

-0.00 

0.0 

-0.00 

0.1 

-0.00 

0.0 

- 

In8 

<-3.96 

<-0.34 

>17.5 

<-0.64 

>14.0 

<-0.69 

>6.2 

Severe 

Ig8 

<-13.79 

<-0.23 

>11.5 

<-0.42 

>9.2 

<-1.03 

>9.3 

Severe 

Ia9 

-0.08 

0.01 

0.4 

0.01 

0.2 

0.01 

0.1 

- 

Ibq 

<-1.50 

<-0.04 

>2,2 

<-0.03 

>0.7 

<-0.03 

>0.2 

Severe 

IC9 

<-14.10 

<-1.12 

>56.9 

<-3.16 

>68.7 

<-7.03 

>63.6 

Severe 

Iqnw 

<-11.20 

<-0.11 

>5.7 

<-0.11 

>2.4 

<-0.10 

>0.9 

Severe 

Igw 

<-12.88 

<-0.16 

>8.2 

<-0.32 

>7.0 

<-0.78 

>7.0 

Severe 

IcN  14 

-1.55 

-0.04 

1.9 

-0.04 

0.8 

-0.04 

0.3 

- 

Igu 

<-4.37 

<-0.12 

>5.9 

<-0.28 

>6.1 

<-0.69 

>6.2 

Severe 

IcNll 

-1.79 

-0.10 

4.9 

-0.10 

2.1 

-0.10 

0.9 

- 

Igu 

-2.02 

-0.12 

5.9 

-0.34 

7.4 

-0.81 

7.4 

Shght 

Ig  18 

<-2.72 

<-0.20 

>9.9 

<-0.57 

>12.4 

<-1.40 

>12.6 

Severe 
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Table  1.53:  Power  spectrum  density  of  measured  current  waveforms  integrated  over 
four  different  frequency  ranges  as  a  percentage  of  its  power  spectrum  density  inte- 
grated over  the  bandwidth  of  the  measurement  for  stroke  1  of  flash  FPL0037. 


ID 

A/i 

A/2 

A/3 

A/4 

h 

82.76 

2.52 

0.28 

0.03 

I  Ml 

- 

- 

- 

- 

lu 

- 

- 

- 

- 

ICN\ 

77.66 

16.28 

0.46 

0.05 

Igi 

5.23 

7.65 

22.84 

63.92 

ICN2 

60.29 

35.69 

0.12 

0.13 

In2 

- 

- 

- 

- 

Ig2 

- 

- 

- 

- 

ICN5 

34.51 

59.68 

3.21 

0.38 

Ia5 

24.70 

68.94 

3.97 

1.58 

Ib, 

62.18 

33.78 

0.18 

0.32 

IC5 

10.70 

12.84 

23.33 

52.37 

Ig, 

- 

- 

- 

- 

IaN8 

25.98 

59.94 

10.52 

1.49 

IbN8 

- 

- 

- 

- 

ICN8 

9.46 

4.53 

20.92 

63.77 

In8 

- 

- 

- 

- 

Ig8 

- 

- 

- 

- 

^A9 

26.22 

57.47 

9.94 

4.06 

Ib9 

- 

- 

- 

- 

IC9 

- 

- 

- 

- 

IcNU 

- 

- 

- 

Igu 

- 

- 

- 

- 

ICNU 

63.28 

31.41 

0.98 

0.20 

Igu 

- 

- 

- 

- 

ICN17 

82.97 

10.45 

0.03 

0.03 

Igi7 

83.70 

0.92 

0.06 

0.00 

Ig18 

- 

- 

- 

- 

100  Hz  <  A/i  <  10  kHz 
100kHz<  A/s  <  IMHz 


10  kHz  <  A/2  <  100  kHz 
1  MHz  <  A/4  <  10  MHz 


■  "i5.'a 
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Table  1.54:  Peak  current  and  charge  transferred  at  different  points  in  the  system 
calculated  at  three  different  instants  of  time  (100 /^s,  500 //s,  and  1ms)  for  stroke  2  of 


flash  FPL0037. 

ID 

Peak 

[kA] 

Charge  calculated  in  different  time  windows 

Saturation 

100  ^s 

500 /is 

1ms 

[C] 

% 

[C] 

% 

[C] 

% 

/, 

-20.36 

-0.64 

100.0 

-1.39 

100.0 

-1.76 

100.0 

- 

Imi 

<-19.11 

<-0.62 

>97.4 

<-1.33 

>96.0 

<-1.69 

>95.9 

Severe 

lu 

<-3.96 

<-0.35 

>55.3 

<-0.92 

>66.5 

<-1.21 

>68.8 

Severe 

ICN\ 

-0.14 

-0.00 

0.3 

-0.00 

0.2 

-0.00 

0.2 

- 

Igx 

- 

- 

- 

- 

- 

- 

- 

- 

ICN2 

-0.53 

-0.01 

0.9 

-0.01 

0.4 

-0.01 

0.3 

- 

In2 

-1.29 

-0.09 

14.4 

-0.22 

16.1 

-0.29 

16.2 

- 

Ig2 

-1.55 

-0.06 

9.1 

-0.13 

9.0 

-0.16 

9.1 

- 

IcN5 

-0.97 

-0.00 

0.7 

-0.00 

0.3 

-0.00 

0.2 

- 

Ia5 

-0.38 

-0.00 

0.1 

-0.00 

0.1 

-0.00 

0.1 

- 

Ib5 

-0.11 

-0.00 

0.1 

-0.00 

0.0 

-0.00 

0.0 

- 

IC5 

-0.05 

-0.00 

0.0 

-0.00 

0.0 

-0.00 

0.0 

- 

Ig5 

-2.92 

-0.09 

14.8 

-0.19 

13.6 

-0.24 

13.6 

- 

IaN8 

-0.10 

0.00 

0.4 

0.00 

0.2 

0.00 

0.1 

- 

IbN8 

-0.59 

0.00 

0.4 

0.00 

0.3 

0.00 

0.2 

- 

IcNS 

-0.37 

-0.00 

0.1 

-0.00 

0.2 

-0.00 

0.2 

- 

Ins 

-2.65 

-0.19 

29.2 

-0.42 

30.3 

-0.53 

30.0 

- 

Ig8 

-10.02 

-0.07 

11.4 

-0.12 

8.6 

-0.15 

8.4 

Slight 

Ia9 

-0.05 

0.00 

0.2 

0.00 

0.1 

0.00 

0.1 

- 

Ib9 

-0.67 

0.00 

0.2 

0.00 

0.1 

0.00 

0.0 

- 

IC9 

-9.95 

-0.42 

65.9 

-0.97 

70.1 

-1.24 

70.4 

- 

IcNll 

-6.86 

-0.03 

4.3 

-0.03 

2.0 

-0.03 

1.6 

- 

Igii 

-5.53 

-0.05 

7.7 

-0.09 

6.6 

-0.12 

6.6 

- 

ICNIA 

-0.86 

-0.01 

1.0 

-0.01 

0.5 

-0.01 

0.3 

- 

Ig\a 

-2.19 

-0.04 

5.7 

-0.08 

5.9 

-0.11 

6.1 

- 

IcNll 

-0.83 

-0.02 

2.6 

-0.02 

1.2 

-0.02 

0.9 

- 

Icn 

-1.16 

-0.03 

5.5 

-0.10 

7.2 

-0.13 

7.4 

- 

Igi8 

-0.82 

-0.05 

8.0 

-0.13 

9.5 

-0.17 

9.6 

- 

\t: 
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Table  1.55:  Power  spectrum  density  of  measured  current  waveforms  integrated  over 
four  different  frequency  ranges  as  a  percentage  of  its  power  spectrum  density  inte- 
grated over  the  bandwidth  of  the  measurement  for  stroke  2  of  flash  FPL0037. 


ID 

A/i 

A/2 

A/3 

A/4 

h 

78.88 

6.54 

1.06 

0.53 

Imi 

- 

- 

- 

- 

lu 

- 

- 

- 

- 

Icm 

46.84 

49.27 

1.55 

0.25 

hi 

2.94 

5.94 

23.55 

67.02 

ICN2 

25.89 

68.07 

1.38 

3.11 

In2 

85.30 

1.77 

0.01 

0.02 

Ig2 

84.46 

2.02 

0.49 

0.04 

ICN5 

13.65 

71.28 

10.39 

3.63 

Ia5 

6.87 

41.51 

26.09 

25.47 

Ib, 

3.76 

33.97 

20.46 

41.66 

IC5 

2.09 

3.42 

22.85 

71.40 

Ig, 

80.83 

5.93 

0.78 

0.06 

IaN8 

7.51 

40.67 

30.25 

21.03 

IbN8 

9.15 

27.42 

42.30 

19.78 

ICN8 

2.63 

2.87 

22.30 

71.83 

In8 

84.62 

2.32 

0.02 

0.01 

Ig8 

46.65 

31.06 

15.00 

1.00 

Ia9 

7.15 

27.30 

27.95 

36.84 

Ib9 

3.39 

12.09 

64.10 

20.08 

IC9 

82.94 

2.93 

0.52 

0.02 

IcNW 

16.79 

58.52 

20.78 

2.90 

Igw 

56.93 

21.12 

11.54 

1.60 

ICNIA 

26.49 

62.72 

5.99 

3.29 

Igu 

76.23 

8.36 

2.27 

0.33 

IcN  17 

47.66 

48.76 

0.27 

0.55 

Ig\7 

82.76 

2.29 

0.36 

0.12 

Ig18 

83.36 

2.65 

0.04 

0.05 

100  Hz  < 

:  Af,  <  lOkF 

[z     ;      10kH2 

:  <  A  fs  <  IOC 

kHz 
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Figure  1.15:  Percentage  of  total  charge  transferred  to  ground  at  different  poles,  calcu- 
lated at  three  different  instants  of  time  (100 /is,  500 /is,  and  1  ms  from  the  beginning 
of  the  return  stroke),  for  stroke  1  of  flash  FPL0037  (See  Table  1.52).  Lightning  strike 
point  was  at  pole  9. 
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Figure  1.16:  Percentage  of  total  charge  transferred  to  ground  at  different  poles,  calcu- 
lated at  three  different  instants  of  time  (100 //s,  500 /us,  and  1  ms  from  the  beginning 
of  the  return  stroke),  for  stroke  2  of  flash  FPL0037  (See  Table  1.54).  Lightning  strike 
point  was  at  pole  9. 
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